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Very recently, nanostructured materials have attracted a great deal of attention from researchers 
in various fields for both their fundamental size-dependent properties and their many important 
technological applications. Intensive research efforts have been focused on the synthesis of 
well-defined uniformly sized nanomaterials in order to identify their size-dependent properties. 
Among these materials, ZnO nanomaterials have been one of the most intensively studied 
owing to their versatile properties and applications. 
This thesis mainly focuses on synthesis, self-assembly and properties of ZnO-related 
nanostructures and nanocomposites. In this thesis, there are nine chapters systematically 
describing synthesis, characterization and application of ZnO nanomaterials. Asymmetric 
ZnO nanostructures with an interior cavity are firstly discussed. It has been found that the 
created interior space is located in the upper part of the nanostructures contrast to normal 
central hollow interior, showing a new type of structural anisotropy. The formation mechanism 
has been proposed that Tween-85 surfactant might regulate self-assembly of primary 
nanocrystallites and growth of two or more sets of crystal planes to form such ZnO asymmetric 
nanostructures. 
Secondly, symmetric linear assembly of hourglass-like ZnO nanostructures has been 
obtained via hydrothermal approach. With the assistance of Tween-85 surfactant, special shape 
of ZnO subunits and their self-assembly has been work out. After characterization, it is found 
that the linear assembly of hour-glass structures is attributed to inter-connection of subunits 
through van der Waals interaction of their surface-anchored alkylated oleate groups. 
VII 
Meanwhile, the finding in this system also demonstrates that the formation of hollow interior 
space results from an Ostwald ripening process. 
Thirdly, ZnO/PVP nanocomposite spheres with two hemispheres have been investigated. 
For the first time we have demonstrated that noncentrosymmetric ZnO can be prepared into 
symmetric spheres by coupling two mesocrystalline hemispheres in which PVP is incorporated 
as a secondary phase, that is, forming ZnO/PVP nanocomposites. This synthetic method 
displays new possibilities of morphological and compositional control, property engineering, 
and structural organization for hybrid inorganic-organic materials, including self-assembled 
composite thin films. 
Fourthly, synthetic architectures of CoO/ZnO and Zn1−xCoxO/Co1−yZnyO nanocomposites 
have been studied by multi-pot and one-pot approaches. Compared to one-pot approach, 
multi-pot approach can obtain a CoO/ZnO nanocomposite with individual pure phases and 
avoid inter-diffusion of metal ions. In addition to nanocomposite synthesis, catalytic properties 
of the composites have been characterized by CO oxidation at various reaction temperatures. 
Finally, nanocomposite films of SAM/Pt/ZnO/SiO2 with tunable wettability between 
superhydrophilicity and superhydrophobicity have been examined. The wettability of 
nanocomposite films is characterized by contact angles of DI water, showing that ZnO/SiO2 
and Pt/ZnO/SiO2 films are superhydrophilic and hydrophilic, respectively. After introducing 
self-assembled monolayers (SAMs), organic-inorganic hybrid films of SAM/Pt/ZnO/SiO2 
show a controllable wettability between hydrophilicity and hydrophobicity via tuning the 
composition of SAMs. Furthermore, nanocomposite films show potential applications in 
chemical sensors and small scale water transportation. 
VIII 
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Recently, there is a spectacular progress in the development, characterization, and utilization 
of advanced materials. Today’s advanced materials have mechanical, thermal, electrical, 
optical, and chemical properties which are vastly superior to those which were available ten to 
twenty years ago.1-3 For example, compared with cast-iron rods, carbon fibers have a better 
strength-to-density ratio, which is fifty-times greater than that of a cast-iron rod. Gold 
nanoparticles show the excellent catalytic properties on CO oxidation at room temperature, 
even lower temperatures. During the development of advanced materials, dimensionality plays 
a critical role in determining the materials’ properties due to, for example, the different ways 
that electrons interact in three-dimensional (3D), two-dimensional (2D), and one-dimensional 
(1D) structures.  
In detail, the particle size within the nanometer scale normally results in quantum size effects 
at dimensions comparable to the length of the de Broglie electron, the wavelength of phonons, 
and the mean free path of excitons.4-7 Electron-hole confinement in nanosized, spherical 
semiconductor particles lead to three-dimensional size quantization called as zero-dimensional 
excitons, i.e., in the format of “quantum dots” and “quantum crystallites”. Two-dimensional 
confinement of the charge carriers means that the exciton is allowable for only 
one-dimensional mobility, which is normally called as one-dimensional excitons. It appears in 
“quantum well wires” and “quantum wires”. Finally, the exciton in one-dimensional size 
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quantization is permitted to move in two- dimensions (“two-dimensional excitons”) with the 
resultant format of “quantum wells”. 
Compared to bulk materials, size and dimension quantization is important for advanced 
materials since it can lead to mechanical, chemical, electrical, optical, magnetic, electro-optical, 
and magneto-optical properties which are substantially different from those observed for the 
bulk materials. For example, quantum dots with certain diameters can absorb and emit light at 
any desired wavelength.8-10 Nanoparticles have a lower melting point than that of the 
corresponding bulk materials and the melting temperature is proportional to the particle size.11 
Excited by various benefits on small dimension, the global researchers have been striving for 
synthesis of nanomaterials and architectural nanostructures. And the activity in the field of 
nanoscience and nanotechnology has exponentially grown in last decade. For instance, at least 
30 countries, such as US, Germany, China, India, Singapore, etc, have initiated national 
activities in this field. Meanwhile, researchers are facing a great challenge on controllable 
synthesis of nanomaterials and nanostructures with various size, shape and composition to tune 
corresponding properties like physics, chemistry, optics, mechanics, electronics, etc. Such 
excellent properties would possibly change science, medicine, environment and energy in the 
future. 
 
1.2 Objectives and Scope 
Nanoscience is a highly multidisciplinary field, such as applied physics, materials science, 
interface and colloid science, device physics, supramolecular chemistry, self-replicating 
machines and robotics, chemical engineering, mechanical engineering, biological engineering, 
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and electrical engineering. As the footstone of nanoscience, however, synthesis of fundamental 
nanoparticles and their applications are always a hot topic in this field. Although a great 
progress have been made in the past half century, there are still many challenges in this field. 
As a young field, nanomterial synthesis has not been systemically investigated and the 
equipments special for this field are lacking either. Meanwhile, mechanism of nanocrystal 
growth is still unclear. The parameters in synthesis are still waiting for being further identified. 
Therefore, the main aim of this thesis is to synthesize and fabricate nanomaterials, 
systematically investigate the growth of nanomaterials, as well as explore related applications. 
As one of the most intensively studied materials, zinc oxide is selected as the target material to 
investigate in this thesis, since ZnO has a variety of excellent properties and a great potential in 
applications such as room-temperature UV laser, solar cell and field-emission electrodes.12-15 
In this thesis, various ZnO nanostructures, including pyramids, spheres, 1D self-assemble, as 
well as related nanocomposites, have been synthesized via hydrothermal/solvothermal 
approach, synthetic conditions have been systematically investigated and some properties of 
wettability and catalysis on CO oxidation have been characterized with corresponding 
experiments. 
 
1.3 Structure of the Thesis 
In chapter 2, a brief review is presented on the latest progress in the field of nanomaterials and 
nanostructures. In this chapter, synthetic methods, crystal structures of metal oxides and some 
applications are discussed respectively. Chapter 3 focuses on the description of 
characterization methods used in this thesis. In chapter 4, a synthetic method is introduced to 
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obtain asymmetric ZnO nanostructures with an interior cavity and ZnO crystal growth with 
assistance of Tween-85 is discussed in detail. Successively, chapter 5 describes symmetric 
linear assembly of hourglass-like ZnO nanostructures and the assembling mechanism. Chapter 
6 presents a discussion on synthesis of ZnO/PVP nanocomposite spheres with two 
hemispheres. Moreover, 2D self-assembly and band gap are characterized with FESEM and 
UV-vis-NIR scanning spectrophotometer. Chapter 7 introduces synthetic architectures of 
CoO/ZnO and Zn1−xCoxO/Co1−yZnyO nanocomposites and catalytic properties on CO oxidation. 
In chapter 8, multi-component nanocomposite films of SAM/Pt/ZnO/SiO2 are discussed and 
their wettability is also investigated. Finally, an overall conclusion, based on chapters 4-8, and 
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2.1 Introduction of Synthetic Methods to Produce Nanomaterials 
Nanomaterials, which have received wide attention for their novel size- and shape-dependent 
properties and unique applications, have been extensively investigated for over a decade.1-5 
Due to essentiality of such small structures on the advance of many areas of modern science 
and technology, a number of physical- and chemical-based synthetic methodologies for 
nanomaterials have been developed. 
 
2.1.1 Vapor-Phase Synthesis 
In this approach, the vapor species are first generated by evaporation, chemical gaseous 
reactions. Subsequently, the species are transported and condensed onto the surface of a 
solid substrate, where the temperature is lower than that of evaporation zone. The prime 
advantage of a vapor-phase method is its simplicity and accessibility, which might prompt this 
method to be the most extensively explored approach to the formation of nanostructures.6-10 
In principle, it is possible to process any solid material into nanostructures with proper 
control on synthetic parameters. Now it is generally accepted that the control of 
supersaturation is a major consideration in obtaining nanostructures. A low supersaturation is 
required for whisker growth whereas a medium supersaturation supports bulk crystal growth. 
At high supersaturation, powders are formed by homogeneous nucleation in the vapor phase.11  
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2.1.2 Template-Directed Synthesis 
In this method, the template simply serves as a scaffold, within (or around) which a different 
material is generated in situ and shaped into a nanostructure with its morphology 
complementary to that of the template, as shown in Figure 2-1. When the template is only 
involved physically, it is often necessary to selectively remove the template using 
post-synthesis treatment (such as chemical etching and calcination) in order to harvest the 
resultant nanostructures.12-18 In a chemical process, the template is usually consumed as the 






Figure 2-1  Schematic illustrations of template-directed synthesis11 (a) the formation of 
nanowires and nanotubes by filling and partial filling the pores within a porous membrane 
with the desired materials or a precursor to this material. (b) the formation of 
nanowires/nanotubes by internally/externally templating against structures self-assembled 
from surfactant molecules. 
 
2.1.3 Hydrothermal/Solvothermal Synthesis 
A hydrothermal/solvothermal process can be defined as “a chemical reaction in a closed 
system in the presence of a solvent (aqueous and non aqueous solution) at a temperature 
higher than the boiling point of such a solvent”.25-27 As a result, a hydrothermal/solvothermal 
process involves high pressures. The selected temperature (sub- or supercritical domains) is 
determined by the required reactions for obtaining the target-material. Because 
(a) (b) 
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hydrothermal/solvothermal synthesis utilizes water/solvent under elevated pressures and 
temperatures to increase the solubility of a solid and to speed up reactions between solids, it 
provides another commonly used methodology for generating nanostructures. 
Hydrothermal/solvothermal reactions have been used in Materials Chemistry or Materials 
Science for developing soft processing in advanced inorganic materials.28-30 Moreover, the 
interest of hydrothermal/solvothermal reactions in a large domain of applications (material 
synthesis, crystal growth, thin films deposition…) has promoted the development of new 
processes involving original technologies such as hydrothermal-electrochemical methods,31-34 
microwave-hydrothermal method.35-40 
 
2.1.4 Microemulsion Synthesis 
Nanomaterial synthesis in microemulsion has been a hot research topic since the early 1980s, 
when the first colloidal solutions of platinum, palladium and rhodium metal nanoparticles were 
prepared.41 Microemulsion consists of a ternary mixture of water, surfactant and oil or a 
quaternary mixture of water, surfactant, co-surfactant and oil. Depending on the proportion of 
various components and hydrophilic–hydrophobic balance (HLB) value of the surfactant used, 
the microdroplets in the microemulsion can be in the form of oil-swollen micelles dispersed in 
aqueous phase as O/W microemulsion or water-swollen micelles dispersed in oil phase as W/O 
microemulsion. The morphology of micelles depends on the surfactant concentration. At 
different concentrations, the surfactant molecules can form various molecule aggregations, e.g., 
micelle, liquid crystal and vesicle, which can be usually used as effective structure-directing 
agents to prepare nanoparticles with desired morphologies.42-49 Thus, the micelle formed by the 
Chapter 2 Literature Review 
9 
surfactant with a proper concentration can offer an appropriate growth condition for 
nanomaterials.  
 
2.1.5 Sol-gel Synthesis 
The sol–gel process can roughly be defined as the conversion of a precursor solution into an 
inorganic solid by chemical means.50 In general, the sol-gel processes may be divided into two 
classes depending on the nature of the precursors; inorganic precursors (chlorides, nitrates, 
sulfides, etc.) and a metal organic species like a metal alkoxide or acetylacetonate. The route 
that involves the use of alkoxide precursors appears more versatile and is widely used. The 
most important step in this route is the formation of an inorganic oxidic network by hydrolysis 
and condensation reactions, during which the molecular precursors transform into a highly 
crosslinked solid in a one-pot procedure.51, 52 Based on this soft-chemistry method, a number of 
metal oxides such as zinc oxide, titania, indium oxide have been successfully obtained at 
moderate temperatures with simple laboratory equipments.53-58  
 
2.1.6 Microwave and Ultrasonic Synthesis 
Microwaves are electromagnetic waves with wavelength ranging from 1 mm to 300 mm, or 
frequency between 300 MHz and 300 GHz. In the last decade, microwave energy has been 
employed in many chemical reaction studies, which demonstrated that microwave energy may 
own a unique ability to influence chemical processes like changing the kinetics and selectivity, 
often in favorable ways.59 Researchers proposed that microwave energy could increase the 
heating rate of the synthetic mixture, even superheat, also give a more uniform heating 
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distribution. With the assistance of microwave energy, some nanoporous oxides have been 
attained with shorter reaction time and better control of pore alignment.60-63 Since microwave 
energy is found to be more efficient in the selective heating in many processes, these processes 
are considered to be more environmentally and friendly, requiring less energy than 
conventional processes.  
Sonochemistry is the research area in which molecules undergo a chemical reaction due to the 
application of powerful ultrasound radiation (20 kHz–10 MHz).64 The main event in 
sonochemistry is the creation, growth, and collapse of a bubble that is formed in the liquid. 
Among three steps, the collapse of the bubble can lead to high temperatures (5000–25,000 K) 
and very high cooling rate (1011 K/s), which ensures chemical bonds are broken. As an 
environment-friendly method for nanomaterial preparation, sonochemistry has been widely 
applied in synthesis of amorphous products, insertion of nanomaterials into mesoporous 
materials, deposition of nanoparticles on ceramic and polymeric surfaces, as well as formation 
of proteinaceous micro- and nanospheres.65-72 
 
2.2 Review of ZnO Nanomaterial Synthesis 
2.2.1 ZnO Crystal Structures 
Zinc oxide is a chemical compound with the formula ZnO, a II-VI compound semiconductor. 
Most of the II-VI binary compound semiconductors crystallize in either cubic zinc-blende (ZB) 
or hexagonal wurtzite (HW) structure. The crystal structures shared by ZnO are wurtzite (B4), 
zinc blende (B3), and rocksalt (B1), as schematically shown in Figure 2-2. At ambient 
conditions, the thermodynamically stable phase is wurtzite. The zinc-blende ZnO structure can 
Chapter 2 Literature Review 
11 
be stabilized only by growth on cubic substrates, and the rocksalt (NaCl) structure may be 















Figure 2-2 Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt (B1), (b) 
cubic zinc blende (B3), and (c)(d) hexagonal wurtzite (B4). The shaded yellow and black 
spheres denote Zn and O atoms, respectively. 
 
Wurtzite zinc oxide has a hexagonal unit cell with lattice parameters a = 0.325 and c = 0.521 
nm in the ratio of c/a=1.6 and belongs to the space group of P63mc. The ZnO crystal consists 
of tetrahedrons of ZnO4. Zinc cations sit inside the tetrahedrons constructed by oxygen anions, 
and the tetrahedrons interconnect one another through corner sharing. A simplified view for 
(a) (b) (c) 
(d) 
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this structure is that the alternate layers of oxygen and zinc ions are stacked along the c-axis. In 
other words, all the tetrahedrons in ZnO crystals are oriented in one direction and produce the 
hexagonal (six fold rotational) symmetry and noncentral symmetric structure.   
According to the tetrahedral coordination, polar surfaces, positively charged Zn-(0001) and 
negatively charged O-(000-1) perpendicular to the c-axis, are produced by oppositely charged 
ions. Thus the wurtzite crystal exhibits crystallographic polarity, in which the polar [0001] axis 
points from the face of the O plane to the Zn plane and is the positive z direction. Compared 
with ±(0001) polar surfaces, ±(10-11) and ±(10-1-1) are also polar surfaces but not common 
for ZnO.73, 74 The charges on the polar surfaces are ionic charges, which cannot be transferred 
and flow. Many properties of the material depend also on its polarity, for example, growth, 
etching, defect generation and plasticity, a normal dipole moment, spontaneous polarization 
along the c-axis, piezoelectricity and pyroelectricity, as well as a divergence in surface 
energy.75  
In wurtzite ZnO, besides the primary polar plane (0001) and associated direction [0001], which 
are the most commonly used surface and direction for growth, many other secondary planes 
and directions exist in the crystal structure. Commonly observed crystal planes for this oxide 
are six nonpolar side planes that are parallel to the c-axis, including (10-10), (-1010), (01-10), 
(0-110), (1-100), and (-1100). The (10-10) face is in the ideal case a stoichiometric face, 
composed of equal numbers of zinc and oxygen atoms. Presuming the existence of the ideal 
situation, these stable low index faces offer distinctly different surface sites to any reactants. 
Different physical and chemical behavior for these faces is to be expected. Furthermore, six 
pyramidal planes that intersect the top plane and six prismatic side planes, including (10-11), 
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(-1011), (01-11), (0-111), (1-101), and (-1101), are often observed. 
Theoretically, kinetic parameters of crystal facets are different from each other, which lead to 
various surface activities during crystal growth. As Wang reported,75 ZnO growth has three 
types of fast growth direction, which are <2-1-10> (±[2-1-10], ±[-12-10], ±[-1-120]); <01-10> 
(±[01-10], ±[10-10], ±[1-100]); and ±[0001]. Thus, a large number of unique structures can be 
obtained by controlling growth rates in these directions.76 
 
2.2.2 Growth of ZnO Nanomaterials in Vapor Phase 
The first approach to synthesize ZnO nanomaterials is solid-vapor phase deposition, certainly 
one of the most common routes for nanomaterial synthesis. In the solid-vapor phase process, 
ZnO source materials are sublimated with assistance of elevating temperature and low pressure; 
and then the resultant vapor phase condenses under certain conditions (temperature, pressure, 
atmosphere, substrates etc) to form the desired products. The processes are usually carried out 
in a horizontal tube furnace, as shown in Figure 2-3, which is composed of a horizontal tube 
furnace, an alumina tube, a rotary pump system and a gas supply and control system. With the 
solid-vapor phase thermal sublimation technique, nanowires/nanorods, nanobelts, 
nanohelixes/nanorings, nanobows, and nanocages of ZnO in Figure 2-4 have been synthesized 
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Figure 2-3 A schematic diagram of the experimental apparatus for growth of ZnO 











Figure 2-4 A collection of nanostructures of ZnO synthesized under controlled conditions by 
thermal evaporation of solid powders.76 
 
In the case of nanowires/nanorods, the vapor is exposed to a catalyst such as Au nanoparitles.77 
This seed layer is enriched by absorption of vapor source materials. Until it is saturated, 
catalytic seeds serve as nucleation sites for crystallization and the desired material starts to 
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solidify and grow outward from the catalyst. Large-scale arrays with vertically aligned 
nanowires have been produced by this method.78-80 In this case, the nanorods grow along [0001] 
and their side surfaces are enveloped by {2-1-10}. In addition to Au nanoparticles, Sn has been 
found to be a catalyst in nanorods synthesis. Compared with Au nanoparticles, Sn also allow 
ZnO nanorods to grow along [0001], but the cross section of nanorods increases radially with 
the increase of the radius.81, 82 It is obvious that the catalysts play an important role in ZnO 
crystal growth. 
Moreover, catalyst-free synthesis has also been investigated. It is found that ZnO can grow 
along [01-10], instead of [0001], which result in nanobelt formation with top and bottom flat 
surfaces ±(2-1-10) and side surfaces ±(0001).9 As mentioned above, the Zn-terminated (0001) 
surface is positively charged and the O-terminated (000-1) surface negatively charged. Due to 
the existence of polar surfaces ±(0001) on ZnO nanobelts, a spontaneous dipole moment is 
generated along the c-axis. For the minimization of the energy resulting from polar charges, 
the nanobelt tends to fold itself, which can neutralize the local polar charges and decrease the 
surface area, and thus forming nanohelixes/nanorings. 83-85 Consequently, ZnO planar structure 
transforms to 3D stuctures. 
In addition, 3D structures, like polyhedral drums and spherical cages, can be directly attained 
by textured self-assembly of ZnO nanocrystals.86 The polyhedron is enclosed by (0001) (top 
and bottom surface), {10-10} (side surfaces), stepped {10-11} (inclined surfaces) and high 
index planes with rough surfaces. Some truncated hexagon based drums show open corners. 
Based on the obtained structures, Wang proposed that the growth mechanism consists of 
solidification of the Zn liquid droplets, surface oxidation, and sublimation. To sum up, the 
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variety of ZnO nanostructures from 1D to 3D can be obtained by controlling growth rates of 
crystal facets with vapor phase approach. 
 
2.2.3 Growth of ZnO Nanomaterials in Liquid Phase 
In addition to vapor-phase method for controllable crystal growth directions, ZnO growth from 
the liquid phase is attractive and has recently been demonstrated.87-96 The liquid-phase 
synthetic approach is an especially powerful tool for the convenient and reproducible 
shape-controlled synthesis of nanomaterials not only because this method allows for the 
resulting ZnO to be precisely tuned in terms of their size, shape, and composition on the 
nanometer scale but also because it allows them to be dispersed in either an aqueous or a 
nonaqueous media. 
 
2.2.3.1 Hydrothermal/Solvothermal Synthesis 
Among liquid phase synthetic approaches, hydrothermal/solvothermal method is attractive 
because of their mild synthetic conditions, low-cost, and mass production. In this way, the 
majority of growth systems are based on aqueous solvents like water–alcohol mixtures. As 
reported by Zeng,96 monodisperse ZnO nanorods with the diameter of smaller than 50 nm have 
been successfully obtained in water-ethanol solution with hydrothermal method. Each nanorod 
has a uniform diameter along its entire length, indicating the growth anisotropy in the +c-axis 
is strictly maintained throughout the process. Thus, an exceptionally large aspect ratio is thus 
achieved in the range of 30-40. Similar to reports by Wang75, nanorods have well-defined 
smooth side surfaces (10-10), (01-10), (-1010), (0-110), (1-100), and (-1100), and the fast 
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growing ends are clearly bounded by seven crystallographic facets, (10-11), (01-11), (-1011), 
(0-111), (1-101), (-1101), and (0001). It is obvious that the formation of ZnO nanorods is 
attributed to fast growth in [0001] direction and inhibitory radial growth resulting from 
ethylenediamine (EDA) adsorption on side surfaces. In contrast, Tian87 found that the citrate 
ions can selectively adsorb on the (0001) surfaces and thus inhibit the crystal growth along 
[0001] direction. With addition of citrate ions, long ZnO rods become shorter and fatter, and 
the aspect ratio is rapidly decreased. Even without the assistance of surfactants, crystal growth 
also can be manipulated by changing synthetic parameters. For example, relative low 
temperature allows formation of ZnO “dandelions” composed of numerous 1D nanorods with 
their [000-1] direction. The increase in reaction temperature can convert the existing dandelion 
to a sphere consisting of ZnO platelets growing along the [11-20] direction. In short, crystal 
growth direction can be controlled to some extent under suitable synthetic conditions to 
fabricate various nanostructures like nanowires, nanotubes, nanodisks, and nanobelts. 97-105 
As researchers deeply understand ZnO growth under hydrothermal/solvothermal conditions, 
many complex structures, instead of simple shapes, have been successfully fabricated, which 
may requires multi-step operation and secondary crystallizations. Lu reported that a novel ZnO 
hierarchical micro/nanoarchitecture is fabricated by a facile solvothermal approach in an 
aqueous solution of ethylenediamine (EDA).106 This complex architecture is of a core/shell 
structure, composed of dense nanosheet-built networks that stand on a hexagonal-pyramid-like 
microcrystal (core part). The ZnO hexagonal micropyramid has external surfaces that consist 
of a basal plane (000-1) and lateral planes {0-111}. The nanosheets are a uniform thickness of 
about 10 nm and have a single-crystal structure with sheet-planar surfaces as {2-1-10} planes. 
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These nanosheets interlace and overlap each other with an angle of 60o or 120o, and assemble 
into a discernible net- or grid-like morphology (about 100 nm in grid-size) on the 
micropyramid. A two-step sequential growth model (pyramids and sheets, respectively) is 
proposed based on observations from a time-dependent morphology evolution process. Based 
on the same mechanism, flower-like cupped-end ZnO micro-rod bundles are synthesized from 
a sheet-shaped precursor ZnCl2(N2H4)2 heated at 140 ℃ for 12 h.107 Hierarchical 
nanostructured ZnO with a bladed bundle-like architecture is fabricated from a flower-like 
precursor ZnO·0.33ZnBr2·1.74H2O.108 The secondary needle-like nanobranches (or nanoplates), 
and the tertiary nanoplates (or nanobranches) have been also synthesized stepwise on specific 
sites of previous structure109, 110 
 
2.2.3.2 Microemulsion 
Another liquid-phase route to synthesize ZnO nanomaterials is by using microemulsion and 
reverse microemulsion. In this way the reaction environment is restricted to the aqueous/oil 
cores that function both as nanoreactors and as resultant agglomeration barriers. The 
dimensions of the nanoreactors (and thus of the resulting nanoparticles) are very uniform and 
can be modulated in the range from a few nm to about submicrometer by various parameters, 
particularly the ratio of [water]/[surfactant]. As a general procedure, the first reactant is 
dissolved into micelles and subsequent formation of an equilibrated and stable microemulsion 
is characterized by its optical transmittance. Afterwards, a solution of the second reactant is 
added to the micellar system under stirring, immediately resulting in a turbid mixture because 
of the formation of a solid compound. As reported by Feldmann,111 nanometer-scale ZnO 
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particles are prepared with reverse microemulsion, which consists of n-dodecane as the 
dispersant and a surfactant/co-surfactant mixture of cetyltrimethylammonium bromide (CTAB) 
and hexanol. Within micellar system of octane, CTAB and butanol, Eu-doped ZnO nanorods 
are synthesized and demonstrate a sharp luminescence.112 Additionally, shape evolution of 1D 
ZnO nanostructures obtained via a microemulsion approach is investigated by Zhang.113 In the 
system of surfactant CTAB, cosurfactant n-hexanol, and solvent n-heptane, it is found that at 
the initial stage the nucleation process dominates and the shape of ZnO nanostructures is 
preferably confined by the microemulsion droplets and takes spherical forms. With the 
extension of the reaction time, the growth gradually governs the process and the shape of ZnO 
nanostructures evolves to 1D structure by experiencing a nanoparticles and nanorods 
coexistent period. The evidenced evolution process from nanoparticles to high aspect ratio and 
single crystalline 1D nanostructures suggests that the formation process might involve a 
directed aggregation growth process mediated by microemulsion droplets, in which 
microemulsion droplets play an important role in modulating crystal size and shape through 
controlling nucleation rate and nuclei size at the initial stage. 
Besides CTAB as surfactant, a microemulsion containing AOT (sodium bis(2-ethylhexyl) 
sulfosuccinate) used as surfactants is employed in ZnO synthesis.114-117 In AOT-heptane-water 
microemulsions, ZnO nanoparticles are formed in the aqueous cores of the microemulsion 
upon colliding of the nanodroplets. Photon correlation spectroscopy (PCS) analysis of the 
microemulsion shows that the ZnO particles in the droplets of the microemulsion are 
approximately 12 nm with a narrow size distribution. However, when the particles are 
recovered from the microemulsion by extraction with acetone, the particles agglomerate 
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severely, unless a fraction of the surfactant remains on the particles. Again, deagglomerating 
dispersants are required to obtain a stable dispersion of the nanoparticles.117 Moreover, with the 
assistance of sodium dodecyl sulfate (SDS), ZnO nanowires with high-aspect-ratio have been 
synthesized in a quaternary reverse microemulsion containing water-heptane-hexane. SDS, as 
an anionic surfactant, plays an important role in the formation of morphologies.118-120 In short, 
microemulsion techniques have turned out to be very versatile in controlling crystal growth. 
 
2.3 Review of Cobalt Oxide Nanomaterial Synthesis 
2.3.1 Cobalt Oxide Crystal Structures 
For cobalt oxides, the +2 and +3 oxidation states are most prevalent. Cobalt(II) oxide is an 
olive-green to red cystals, or greyish or black powder, and have periclase (rock salt) structure 
with a lattice constant of 4.2615 Å. Structurally, the simplest cobalt oxide is CoO, the rocksalt 
monoxide, which has a single Co2+ octahedrally coordinated by lattice oxygen in Fm3m 
symmetry at 300 K, as shown in Figure 2-5a. Below its Néel temperature of 291 K, the crystal 
structure is reduced to C2/m symmetry by a slight tetragonal distortion.121 In rocksalt structure, 
the thermodynamically most stable surface is the non-polar [100] orientation. However, the 
(111) surfaces are polar, and O(111) and Co(111) planes alternate along the [111] direction, 
which renders them thermodynamically unstable, and in turn leads to a diverging surface 
potential. Hence, the CoO(111) surface is stabilized by a Co3O4 spinel structure, in which the 
problem of the diverging potential is also avoided.122 
Co3O4 is analogous to magnetite (Fe3O4), with a mixture of +2 and +3 oxidation states. The 
spinel oxide, Co3O4, is readily accessible and is the thermodynamically stable form of cobalt 
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oxide under ambient room temperature and oxygen partial pressure. The normal spinel 
structure is Fd3m, with octahedrally coordinated Co3+ and tetrahedrally coordinated Co2+. The 





Figure 2-5 Stick and ball representation of CoxOy crystal structures: (a) CoO and (b) Co3O4. 
The shaded blue and red spheres denote Co and O atoms, respectively. 
 
2.3.2 Cobalt Oxide Synthesis 
Normally, cobalt oxide can be synthesized via vapor phase approach and wet chemical 
approach. Skvortsova reported that CoO single crystals and single crystal solid solutions of 
CoO–MgO have been grown by the method of chemical transport reaction.123 In his research, 
Co(NO3)2·6H2O serves as initial substance for CoO single crystals growth on the (111) and 
(100) planes of MgO single crystal with thickness of ~1 mm. Also on the substrates of 
optically transparent SiO2 and indium tin oxide (ITO), CoO and Co3O4 films can be deposited 
depending on the adopted MOCVD conditions.124,125 Furthermore, there are several 
investigations of epitaxial CoO films on different substrates as Ag(100) and Ir(100).126-128 Most 
of them deal with the nonpolar (100)-orientated surface of CoO, since (111)-oriented surface is 
polar and so suspicious to be unstable for growth. 
In addition to vapor phase approach, An has synthesized uniformly sized, pencil-shaped CoO 
nanorods by the thermal decomposition of a cobalt-oleate complex, which is prepared from the 
(a) (b) 
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reaction of cobalt chloride and sodium oleate.129 The diameters and lengths of the CoO 
nanorods were easily controlled by varying the experimental conditions, such as the heating 
rate and the amount of Co-oleate complex. The X-ray diffraction pattern reveals that the CoO 
nanorods have an extraordinary wurtzite ZnO crystal structure, in which the intense (002) peak 
demonstrates the preferential growth of the CoO nanorods along the c-axis. Due to their size 
uniformity, the nanorods self-assemble to form both horizontal parallel arrangements and 
perpendicular hexagonal honeycomb superlattice structures. In addition to An, Risbud130 has 
synthesized wurtzite CoO crystal and found that the wurtzite CoO has an unusually long axial 
bond distance of 2.164(1) Å, and three shorter "equatorial" distances of 1.923(3) Å with a ratio 
of 1.13. Also, Seo and co-workers also synthesize wurtzite CoO nanocrystals with rod and 
hexagonal pyramid shapes by the decomposition of Co(acac)3 in oleylamine.131 Nanorods grow 
along the unique c-axis of the hexagonal structure and the hexagonal pyramid grows from the 
basal plane of (002) to the top of the hexagonal pyramid along the direction of [002]. 
Based on the similar approach, Yin and Wang have reported the synthesis of 
tetrahedron-shaped CoO nanocrystals with a size of 4.4 nm by the decomposition of Co2(CO)8 
in toluene under an oxygen atmosphere in the presence of sodium bis(2-ethylhexyl) 
sulfosuccinate (Na(AOT)).132 Ghosh synthesized CoO nanoparticles with sizes ranging from 4 
to 18 nm by the decomposition of Co(II) cupferronate in decalin under solvothermal 
conditions.133 
As another wet chemical method, sol-gel processing has recently proved a useful approach for 
preparation of cobalt oxides.134-140 By sol-gel process, thin cobalt oxide films with the spinel 
structure are prepared and easy to deposit on ITO substrates.140 The thickness of the deposited 
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cobalt oxide films is between 50 and 60 nm, exhibiting good optical properties. Similarly, 
Co3O4, CoO and CoO–SiO2 coatings have been synthesized via sol–gel using cobalt acetate 
[Co(CH3COO)2·4H2O] and tetraethoxysilane [Si(OC2H5)4] (TEOS) as starting compounds.134 
The precursor choice is an acetate, mainly because acetate decomposes under thermal 
treatment without leaving residual contaminants inside the coatings. The films are prepared by 
a dip-coating procedure from alcoholic solutions of the proper precursors and subsequently 
annealed under different conditions. Co3O4 coatings are obtained after heating in air or 
nitrogen at 300 ℃. Treatment in reducing atmosphere (H2/Ar) yields CoO layers up to 500 °C, 
and films of metallic cobalt for firing at higher temperatures. CoO–SiO2 coatings are heated in 
air between 300 and 900 ℃. Both cobaltous and the mixed Co(II)–Co(III) oxides are 
nanostructured with mean grain size ranging between 7 and 15 nm. Concerning CoO–SiO2 
layers, work is still in progress to clarify the microstructural features of the mixed oxide 
system. Moreover, Baydi135 has employed a sol-gel route for preparation of Co3O4 spinel-type 
oxides, where the solution of Co(II)-carbonate in propionic acid was heated to form a resinic 
cobalt propionate. The powder obtained after pouring liquid nitrogen on the gel is immediately 
thermically treated up to 260 ℃ to obtain the spinel pure phase Co3O4. Xue has prepared 
antiferromagnetic CoO nanoparticles ranging from 10 to 80 nm by the sol–gel process. The 
nanoparticles has an fcc structure with a lattice parameter of 4.258 Å. Anomalous magnetic 
properties, such as hysteresis, are observed in CoO nanoparticles comparing to the course grain 
materials. The coercive force increases as the particle size is reduced, but decreases when the 
size is less than 20 nm. The magnetization increases below 100 K for the nanoparticles. 
However, no significant shifts of Néel temperature were observed.141 
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Furthermore, there are many other approaches for synthesis of CoO crystals. Verelst and 
co-workers have synthesized ~2-nm nanoparticles of CoO and Co3O4 by the solid-state 
oxidation of 1.6-nm metallic cobalt nanoparticles.142 As an environmental and clean approach, 
a molten salt synthesis has been developed by Zhan to synthesize CoO fibers.143 They 
proposed that the directional properties of the CoO fibers might result from its special growth 
characters in the molten NaCl because no template (hard template or soft template) was used. 
The possible mechanism to synthesize CoO fibers is different faces of CoO nuclei have 
different growth speeds and perhaps in molten salt these speeds have changed much because of 
the changing of the surface energies under high temperature. Consequently, a new anisotropic 
growth pattern forms the final quasi-1D structures, and the molten NaCl can also provide a 
high temperature floating phase for CoO tiny particles (or Co–O octahedron growth cells) to 
move easily to energy-favorite growth positions, which will affect the morphologies of CoO 
crystals too. Based on the similar mechanism, much investigation has been done on CoO 
synthesis.144-146 
 
2.4 Review of Nanocomposite Synthesis and Properties 
The motivation to control interfacial interactions on the nanoscale leads to a new class of 
materials known as nanocomposites. The idea is to co-assemble various precursors into a 
nanocomposite material with molecular level control over interfaces, structures, and 
morphologies. The designed structures may exhibit chemical/physical properties and functions 
unattainable in the individual components. Harnessing the advantages of nanocomposite 
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materials requires fine-tuning of the sizes, topologies, and spatial assembly of individual 
domains and their interfaces. 
 
2.4.1 Metal Oxide/Metal Oxide Composites 
Among a variety of nanocomposites, metal oxide/metal oxide is a common type and has 
received much interest in its synthesis. TiO2–ZnO nanopowders with different TiO2/ZnO ratios 
have been synthesized by hydrothermal method.147 Nanocomposite coating films consisting of 
TiO2–ZnO and Zn with thickness of 20 μm have been electrophoreted on steel plates by rapid 
plating from a ZnO-based alkaline bath. TiO2–ZnO–Zn nanocomposite films on steel plates 
shows a high activity for UV-photocatalytic degradation of 2-chlorophenol in water. Also by 
hydrothermal approach, Chen has synthesized a bicomponent nanocomposite consisting of 
anatase TiO2 nanoparticles and wurtzite ZnO nanorods.148 Compared with the mere TiO2 
nanoparticles or ZnO nanorods, the coupling of TiO2 nanoparticles and ZnO nanorods produce 
a significant effect on its properties, such as surface morphologies, surface areas, electronic 
properties, and photoelectrochemical properties. The generated photocurrent of the coupled 
ZnO-TiO2 nanocomposite is largely enhanced with several orders of magnitude higher 
intensities than that of the mere TiO2 nanoparticles or ZnO nanorods. This enhancement is, on 
the one hand, due to an increase of the surface area, which can enhance the light harvest and 
the ability of generating photoinduced electron-hole pairs of active sites and, on the other hand, 
due to the favorable electron-transfer properties of the heterojunctions TiO2/ZnO in the 
coupled ZnO-TiO2 nanocomposites.  
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Xiong and co-workers have hydrothermally developed 1D ZnO nanostructures in amorphous 
SiO2 by a co-template employing soft EDA groups grafted on the wall of mesoporous silica 
MCM-41.149 In the co-template, the EDA groups drive and orient the growth of 1D ZnO 
nanostructures inside the channels of mesoporous silica while its mesochannels confine the 
radial enlargement of these nanostructures. The as-grown 1D ZnO nanostructures are highly 
dispersive and embedded in the amorphous SiO2 matrix. The 1D-ZnO-nanostructures/SiO2 
composite exhibits blue-shifted exciton absorption according to the UV–vis spectrum. The 
shift can be explained in term of an increase in the surface effect and the quantum confinement 
effect, since the as-prepared ZnO nanowires embedded in SiO2 are about 3.0 nm in diameter, 
close to the pore size of MCM-41 and comparable with the exciton (Bohr) radius of ZnO. By 
chemical precipitation, Yang has fabricated ZnO/SiO2 composites, in which most of the ZnO 
nanoparticles, ranging from 15 to 20 nm in diameter, dispersed uniformly on the surface of the 
SiO2 nanowires.150 The as-prepared ZnO/SiO2 composites have bigger band gap energy and 
stronger emitting intensity at the blue–green band than pure ZnO synthesized under the same 
reaction conditions. Therefore, ZnO/SiO2 composites would play an important role in the PL 
material.  
Moreover, it has been reported that a 2–3 nm ZnO shell is coated on Fe2O3 particles  through 
a hydrolysis process of Zn2+, with the result the as-prepared Fe2O3/ZnO-based sensors show a 
higher response to various combustible gases with a faster response/recovery time less than 
20 s.151,152 ZnO–Al2O3 nanocomposite thin films are prepared by sol–gel technique.153 The 
optical absorption spectra of the thin films shows intense UV absorption peaks with long tails 
of variable absorption in the visible region of the spectra. In short, a large amount of work has 
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been done on synthesis of metal oxide/metal oxide nanocomposites and demonstrated good 
properties and potential applications.154-160 
 
2.4.2 Carbon Nanotube Composites 
In addition to matel oxide nanocomposites, carbon nanotubes are a good candidate for 
composite synthesis.161 Sun has demonstrated a strategy for functionalizing multi-wall carbon 
nanotubes (MWNTs) noncovalently with inorganic nanoparticles of ZnO and MgO via reverse 
microemulsion, which is important for preserving the mechanical and electrical properties of 
carbon nanotubes.161-169 The water droplets act as a binder between MWNTs and nanoparticles, 
and their confinement in microemulsions produces nanoparticles with less agglomeration and 
makes the coverage more homogeneous. In addition, the versatility of this method could be 
extended to other metal cations and it might be possible to cover CNTs with two or more 
components by choosing appropriate experimental conditions. Also, the hybrid system of ZnO 
nanoparticles on MWNTs scaffolds has been synthesized by Zhu via a very simple and 
straightforward process, the coating of pure Zn on as-grown, aligned MWNT films, followed 
by oxidization by simply heating the coated sample in air.162 After cooling, ZnO nanoparticles 
have formed chain-like structures along the MWNTs, while the morphology of the aligned 
MWNTs remain unaltered. By directly changing the duration of the Zn coating step and thus 
the coating thickness, the average ZnO particle size and interparticle distance can be readily 
controlled. Based on this ZnO/MWNT hybrid system, an ultrafast nonlinear optical switching 
behavior has been demonstrated.  
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2.4.3 Metal Oxide/Polymer Composites 
Metal oxides/polymers have been a hot topic in the latest years. The introduction of nano-ZnO 
into polymers could improve the mechanical and optical properties of the polymers due to a 
strong interfacial interaction between the organic polymer and the inorganic nanoparticles as 
well as small size, large specific area and quantum effect of nanopartilces, respectively. 
Consequently, these nanocomposites could be widely applied as catalysts, gas sensors, 
semiconductors, varistors, piezoelectric devices, field-emission displays and UV-shielding 
materials. For example, Ali and co-workers have fabricated a thin ZnO nanocomposite 
poly(styrene–acrylic acid) diblock copolymer film containing self-assembled ZnO 
nanoclusters on Si and SiO2 surfaces.170 The introduction of the ZnO nanoparticles is obtained 
by doping the copolymer with a ZnCl2 precursor in liquid phase at room temperature, and then, 
upon solidification, by converting the precursor into ZnO using both a wet chemical process 
and a new dry ozone process. The ZnO nanoparticles show spherical morphology and lateral 
size distribution between 250 and 350 nm and height distribution between 80 and 130 nm, 
consistent with the copolymer self-assembly properties.  
Nano-ZnO/PS nanocomposite latexes had been prepared through in situ emulsion 
polymerization and nano-ZnO is encapsulated in the PS phase.171 Zinc oxide nanoparticles, 
with an average size of about 40 nm, are encapsulated by polystyrene in the presence of 
3-methacryloxypropyltrimethoxysilane (MPTMS) as a coupling agent and polyoxyethylene 
nonylphenyl ether (OP-10) as a surfactant. Nano-ZnO/PS composites can limit the aggregation 
of nano-ZnO and enhance the compatibility between inorganic ZnO nanoparticles and organic 
polymer. At the same time, the measurement indicates an enhancement of the thermal stability. 
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The coating with composite particles displays perfectly UV-shielding properties. Similarly, 
many researchers found UV-shielding properties of ZnO/polymer composites. 172-174  As Sun 
mentioned, colloidal zinc oxide (ZnO) quantum dots (QDs) with a uniform particle size of 
around 5 nm have been synthesized, purified and blended with polymethylmethacrylate 
(PMMA) by solution mixing to prepare PMMA/ZnO nanocomposite films. The PMMA/ZnO 
nanocomposite films prepared are highly transparent. The UV–vis spectra results show that a 
small amount of colloidal ZnO QDs (<1 wt%) can greatly improve the thermal stability of 
PMMA along with UV-shielding capability. Besides PS and PMMA, ZnO-polypropylene 
nanocomposites (nano-PP) have been prepared using nanoparticles of ZnO stabilized by 
soluble starch (nano-ZnO) as filler in PP by the melt mixing process.175 The mechanical 
properties are marginally increased and the dielectric strength of the nano-PP increases to a 
notable level. The excellent antibacterial activity exhibited by nano-ZnO impregnated PP 
against two human pathogenic bacteria, Staphylococcus aureus and Klebsiella pneumoniae, 
makes it a suitable candidate for food packaging applications.  
Poly(styrene butylacrylate) latex/nano-ZnO composites have been prepared by blending 
poly(styrene butylacrylate) latex with a water slurry of nano-ZnO particles.176 It is found that 
the dispersant with long chains and strong affinity groups to pigments favors enhancing the 
dispersibility of nano-ZnO particles, and increasing dispersing time can also lead to more 
homogeneous nanocomposites. The nanocomposite polymers embedded with nano-ZnO 
particles have much higher tensile strength than the corresponding composite polymers with 
micro-ZnO particles, but the polymers containing 100-nm ZnO have even higher tensile 
strength than those containing 60-nm ZnO due to surface group effect. ZnO particles of 60 nm 
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can more effectively shield UV rays than 100 nm ZnO particles, while micro-ZnO particles 
basically have no effect on the UV absorbance of the composite polymers. A blue-shift 
phenomenon is observed at 365 nm for nano-ZnO in the nanocomposite polymers.  
Wang and co-works177 have synthesized flake-like ZnO/CTAB ordered layered nanocomposite 
by self-assembly at room temperature. The ZnO/CTAB-ordered layered nanocomposite 
exhibits the room temperature photoluminescence (RTPL) characteristics. The emission 
features confirm that the RTPL of zinc oxide/surfactant ordered layered nanocomposite is 
different from that of the bulk and nanoparticulate zinc oxides, and has red-shift. It is inferred 
that the RTPL of ZnO/CTAB-layered nanocomposite might be induced by the interfacial effect 
between the ZnO and the surfactant. 
Furthermore, Li and co-workers178 have investigated the electrical bistability of the memory 
device based on ZnO nanoparticles embedded in a polyimide (PI) layer. TEM and SAED 
pattern measurements show that ZnO nanocrystals are formed inside the PI layer. 
Current-voltage measurements on Al/C60/ZnO nanoparticles embedded in PI layer/C60/indium 
tin oxide structures at 300  K shows a current bistability with a large on/off ratio of 104. The 
memory device fabricated utilizing ZnO nanoparticles embedded in a PI layer exhibits 
excellent environmental stability at ambient conditions. Xu and co-workers reported that 
ZnO/MEH-PPV based nanocomposite devices with enhanced p-channel FET characteristics by 
a simple solution processing approach demonstrate that incorporation of ZnO nanomaterials 
into the polymer matrix enhances the hole mobility of the devices by up to three orders of 
magnitude.179 And current hysteresis is significantly reduced in ZnO tetrapods/MEH-PPV 
composite devices in contrast to the hysteresis effect observed for the MEH-PPV devices. 
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2.5 Nanomaterial Application 
2.5.1 Surface Modification 
Control of surface chemical composition and topography is of great importance for the 
application of materials, since many properties, such as adhesion, friction, adsorption as well 
as biocompatibility etc, are determined by the surface. The preparation of ZnO thin films has 
been the subject of continuous research for a long time due to a large number of technological 
applications. Currently, there is a great interest in the methods of creating nanostructures on 
surfaces by various self-organizing techniques. These nanostructures form the basis of 
nanotechnology applications in sensors and molecular electronics for next generation high 
performance nano-devices. ZnO exists in a variety of nanostructures and is expected to be the 
next most important nanomaterial after the carbon nanotubes. 
The morphological features of ZnO thin films depend strongly on the choice of the precursor 
materials. It has been suggested that Zn(OH)2 is a prerequisite for the growth of ZnO 
nanocrystallites.91,92,180 Hexamethylenetetramine (HMT) is widely used in the growth of 
acicular ZnO thin films. Many researchers have reported controlled synthesis of ZnO 
crystallites using HMT.181-184 The rod-like ZnO arrays have been deposited on fluorine doped 
tin oxide substrates using zinc nitrate–HMT solutions in closed vessels.185 Boyle and 
co-workers186 have reported the growth of perpendicularly orientated ZnO rods on thin ZnO 
templates, from aqueous baths containing zinc acetate and HMT. The use of a ZnO template 
allows tailoring of the surface density of the rods. It has also been shown that the quality of 
ZnO rods being produced strongly depends on the ligand as well as counter ion in the baths.  
Moreover, Govender and co-workers187 have reported a general solution-based approach for 
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growing orientated ZnO nanostructured films, and have shown the influence of the choice of 
complexing ligand, zinc counter-ion, pH, ionic strength, supersaturation, deposition time and 
substrate on the nature of ZnO films. Ethylenediamine (EDA) usually gives rise to starlike 
crystals, triethanolamine (TEA) produces nodules and HMT usually produces rods. Similarly, 
changing the counter-ion of the zinc salt also has been shown to produce different crystallite 
morphologies on TO(F) glass substrates. No films are successfully grown from zinc sulfate 
containing baths. It is expected that the presence of sulfate anions hinders the heterogeneous 
nucleation/growth processes on ZnO templates which would otherwise precede the 
homogenous process. Relatively poor dense films having acicular crystallites are deposited 
from zinc chloride, perchlorate and nitrate on TO(F) glass. Dense films are deposited from zinc 
acetate containing baths but the rod-like crystallites are not well orientated. Films deposited 
from baths containing acetate, formate and chloride are more homogenous than those 
containing perchlorate and nitrate. From the results, it becomes clear that shape and 
size-controlled synthesis of ZnO nanostructures can be achieved by adjusting the concentration 
of precursors, deposition temperatures, solvents and substrate types.  
In addition, white-light luminescence and room-temperature lasing throughout the visible 
region has been demonstrated for the first time for ZnO nanocolumns grown on Au-coated 
tin-oxide glass by low temperature solution methods.188 The directionality of the emission, 
lasing threshold and observed mode are all consistent with Fabry–Pérot lasing cavities. It is 
demonstrated the potential of ZnO nanocolumns, grown by solution deposition, as a miniature 
broadband visible-light source. 
Generally, there are still various methods to fabricate ZnO film on substrates. Sol–gel 
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technique of film preparation is a low-cost process and is attractive as the film properties can 
be tailored conveniently for a given application.189-195 ZnO nanowire arrays with controlled 
morphology and optical property are prepared on sol-gel ZnO-seed-coated substrates with 
different pretreatment conditions by a hydrothermal method.190 The vertical alignment, 
crystallinity, and defect density of ZnO nanowire arrays are found to be strongly dependent on 
the characteristics of the ZnO thin films. The PL measurements show a strong and dominant 
UV emission at 385 nm, indicating that the low-temperature growth results in low levels of 
oxygen vacancies in the nanowires. These vertical nanowire arrays are highly suitable for use 
in ordered nanowire-polymer devices, such as solar cells and light emitting diodes. Hsieh also 
reported that ZnO thin films have been prepared by sol–gel technique at room temperature and 
annealed under various temperatures from 600 to 900 °C.191 The intensity of UV emission, 
centered at 375 and 380 nm, increases with the increased temperature, which is consistent with 
the increased grain size of ZnO films. The emission peak at 375 nm is considered to be owing 
to the band-to-band transition. According to XPS analysis, the emission peak at 380 nm could 
be attributed to the free exciton recombination which is resulted from the bonding condition of 
zinc and oxygen atoms during annealing at high temperature. The excitons are considered to be 
the dominant role for UV emission in this emission peak. 
Moreover, Liu and co-workers196 have described the formation of ordered porous ZnO film 
using zinc nitrate by electro-deposition method using polystyrine array templates. Studenikin 
et al. has described the formation of undoped ZnO film by spray pyrolysis of zinc nitrate 
solution at high temperature.197 ZnO nanostructured layers comprising layers nanorods, tripods 
or hexagonal platelets have been also grown at temperatures around 500 °C by a simple spray 
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pyrolysis method.198-200 Micropatterns of ZnO have been synthesized on photocatalytically 
activated regions of TiO2 in an aqueous solution of zinc nitrate and dimethylamine-borane by 
an electroless deposition process.201  
 
2.5.2 Catalytic Applications 
Nanoparticles are key components in the advancement of future high-efficient catalysis, thus, 
strategies for preparing nanoparticles in large volume by techniques are required. Catalyst 
activities depend critically on their size-dependent properties. Usually nano-size catalysts are 
prepared from a metal salt, a reducing agent, and a stabilizer and are supported on an oxide, 
charcoal, or a zeolite. Besides the polymers and oxides that used to be employed as standard, 
innovative stabilizers, media, and supports have appeared, such as dendrimers, specific ligands, 
ionic liquids, surfactants, membranes, carbon nanotubes, and a variety of oxides. 
Natile and co-workers have prepared CoOx/CeO2 nanocomposite materials with increasing 
Co/Ce atomic ratio by wet impregnation.202 The mean diameter of the CoOx/CeO2 particles 
ranges around 22 nm. CoO is prevalent in the samples with lower cobalt content, whereas 
Co3O4 is the main presence at high Co/Ce atomic ratios. CeO2 is slightly reduced: Ce(III) is 
evident at the interface supported/supporting oxide. The acidic/basic properties of the catalysts 
surfaces have been investigated by studying the interaction of CoOx/CeO2 powder samples 
with pyridine and CO2. New acidic/basic sites are evident on the surface of the 
nanocomposites; this is particularly evident in the samples with lower cobalt content. The 
interaction with methanol has also been investigated. Methanol chemisorbs molecularly and 
dissociatively on the CoOx/CeO2 samples; dissociation is prevalent in the sample characterized 
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by a lower content of cobalt oxide. The oxidation of methanol is evident at rather low 
temperatures. When water is added to methanol, the oxidation temperature decreases (373 K 
instead of 433 K) and the formation of carbon monoxide is not observed.  
The cobalt oxide particles within zeolites synthesized by a procedure comprising of  
ion-exchange of cobalt ions into zeolites, and precipitation of cobalt ions with sodium 
hydroxide inside the pores of zeolites, and calcination.203 These cobalt oxide particles are in 
the size range of 0.7-3 nm with a maximum of size distribution at 1.3-1.5 nm and are mainly in 
the state of CoIIO. The concentration of sodium hydroxide for precipitation and the calcination 
temperature are crucial in controlling the location and state of the cobalt oxide. A higher 
concentration of sodium hydroxide and higher calcination temperature will lead to large cobalt 
oxide particles (ca. 20 nm), in the state of Co3O4, which are located outside the zeolite pores. 
The cobalt oxide particles encapsulated inside the supercage can be partly reduced at 
temperatures as low as 573 K, and the reduction is characterized by a very broad peak. The 
metallic cobalt formed by the reduction of the encapsulated nanosized cobalt oxide exhibits 
higher CO conversion in Fischer-Tropsch synthesis.  
El-Shobaky has prepared a series of CoO catalysts by thermal decomposition of basic cobalt 
carbonate under a reduced pressure of 10-6 Torr at various temperatures between 225 and 330 
°C.204,205 The catalytic oxidation of CO on each solid was carried out at 95–170 °C. All oxides 
exhibited nearly the same activity when the reaction was performed at a temperature of 140 °C 
or higher; the activities differed in the temperature range 95–125 °C. The activity decreased 
regularly with increasing decomposition temperature of the basic carbonate. This decrease in 
catalytic activity is attributed to the decrease in the amount of excess oxygen in the CoO 
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catalyst. A mechanistic study of the catalytic oxidation of CO on various cobalt oxides reveals 
that the catalytic action proceeds according to two different mechanisms: the first dominates at 
temperatures 95–125 °C and the second governs the catalysis at temperatures equal to or 
higher than 140 °C. The oxidation of CO, according to the first mechanism, proceeds via 
surface interaction between adsorbed O2 and gaseous CO and, according to the second 
mechanism, through oxidation-reduction cycles involving the formation of a mixed 
Co3O4-CoO oxide due to the action of O2 and CO in the reaction mixture and to the interaction 
between CO and adsorbed O2 on the Co3O4 surface. Further inverstigatioon on the catalytic 
oxidation of CO on various CoO catalysts has been studied using a static technique at 
temperatures of 110 and 170 °C and a pressure of 2 Torr. The catalytic activity of the various 
samples in the oxidation of CO at 110 °C is found to be dependent on the specific surface area, 
the pore size and the degree of deviation from stoichiometric composition. In contrast, these 
properties had no influence on catalyst activity when the catalytic reaction was carried out at 
170 °C. These results are attributed to the formation of the Co3O4 phase by the interaction 
between the oxygen of the reaction mixture and the CoO. The newly formed phase catalyses 
the oxidation of CO with much more efficiency than CoO does. This enhanced activity 
overlaps the role played by the surface characteristics of the solid. The results obtained for the 
oxidation of CO on CoO catalysts at 110 °C are in agreement with the electronic theory of 
catalysis. 
Beside pure CoO catalysts, lithium-doped CoO specimens have been prepared by thermal 
decomposition of cobalt carbonate mixed with different proportions of LiOH (0.75, 1.5 and 3 
at.%) under reduced pressure (P = 10-6 Torr) at 330 °C.206 The catalytic oxidation of CO in 
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contact with the pure and doped oxides is carried out at 125 °C using a static method in an 
atmosphere containing 2 parts CO to 1 part oxygen at a pressure of 2 Torr. The addition of 0.75 
at.% Li has been found to affect a marked decrease in the catalytic activity of CoO. In contrast, 
the dissolution of 1.5 and 3.0 at.% Li in the CoO lattice exerts an opposite effect. The specific 
reaction rate constants for CO oxidation at 125 °C on various catalysts have been calculated 
from plots of log(P0/P) vs time t (min); the values obtained were 11.6 × 10-4 min-1 m-2 for the 
pure catalyst and 5.0-4 × 10-4 min-1 m-2 11.7 × 10-4 min-1 m-2 and 16.7 × 10-4 min-1 m-2 for 
catalysts doped with 0.75 at.% Li, 1.5 at.% Li at.% Li respectively. Doping is found to be 
accompanied by a slight increase in the specific surface area of the CoO. These results point to 
the possibility of two different mechanisms for lithium doping of the CoO solid: small 
amounts of dopant ions (0.75 at.% Li) are incorporated in interstitial positions and/or in 
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Characterization methods used in this thesis include measurements of crystallographic 
information, chemical bonding, chemical state, chemical composition, surface structure, etc. 
The short introduction on these techniques is given in this chapter. 
 
3.1 Powder X-Ray Diffraction (XRD) 
The crystallographic information of the obtained samples was established by powder X-ray 
diffraction (XRD). The XRD patterns with diffraction intensity versus 2θ were recorded in a 
Shimadzu X-ray diffractometer (Model 6000) with Cu Kα radiation (λ= 1.5406 Å) from 10 o to 
80 o at a scanning speed of 1 o min-1. X-ray tube voltage and current were set at 40 kV and 40 
mA, respectively. 
 
3.2 Scanning Electron Microscopy (SEM)/Field Emission Scanning Electron Microscopy 
(FESEM)/Energy-Dispersive X-Ray Spectroscopy (EDX) 
Morphological and structural investigations were carried out with scanning electron 
microscopy, field-emission scanning electron microscopy and energy-dispersive X-ray 
spectroscopy (SEM/FESEM/EDX; JEOL, JSM-5600LV and JSM-6700F). In a typical 
measurement, the sample was prepared by adhering with a small amount of the powder sample 
onto a copper stub using double-sided carbon tape or dropping a well-dispersed suspension 
onto the copper tape, followed by drying in desiccators. The thus-prepared samples were then 
sputtered with platinum to reduce charging effect during the measurement. 
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3.3 X-Ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) investigations were conducted in an AXIS-HSi 
spectrometer (Kratos Analytical) using a monochromated Al Kα X-ray source (1486.6 eV). 
The prepared sample was mounted onto a double-sided adhesive tape on the sample stub. Extra 
precaution was taken in our XPS measurement to ensure the double-sided tape was completely 
covered with a compact layer of sample powder; possible signal interference from this type 
can be ruled out. The XPS spectra of the studied elements were measured with the constant 
analyzer pass energy of 40.0 eV. All binding energies (BEs) were referred to the C 1s peak (set 
at 284.6 eV) arising from surface hydrocarbons (or adventitious hydrocarbon). 
 
3.4 Transmission Electron Microscopy (TEM)/High-Resolution Transmission Electron 
Microscopy (HRTEM)/Selected Area Electron Diffraction (SAED) 
Investigation with high-resolution analytical transmission electron microscopy (TEM and 
HRTEM) and selected area electron diffraction (SAED) were carried out on a JEM-2010 and a 
JEM-2010F operated at 200 kV. The specimens for the TEM/HRTEM/SAED study were 
prepared by suspending solid samples in ethanol. About 1-2 mg of sample was added to 4-5 
mL of ethanol in a small glass vial, followed by sonication for 10 min in an ultrasonic water 
bath. The well-dispersed suspension was then dropped (2-3 drops in each sample preparation) 
onto a carbon-coated 200-mesh copper grid, followed by drying under ambient condition 
before it was placed in the sample holder of the microscopes. 
 
3.5 Fourier-Transform Infrared Spectroscopy (FTIR) 
Chemical bonding information on both the surfactant and prepared nanomaterials was studied 
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with Fourier transform infrared spectroscopy (FTIR, Bio-Rad FTS-135) using the potassium 
bromide (KBr) pellet technique. In making the KBr pellets, about 1 mg of each sample was 
diluted with approximately 100 mg of KBr powder. Each FTIR spectrum was collected after 
200 scans with a resolution of 4 cm-1 from 400 to 4000 cm-1. 
 
3.6 Thermogravimetry Analysis (TGA) 
The thermal behavior of the as-prepared products was characterized with thermogravimetric 
analysis (TGA) in a TA Instruments TGA-2050. In each experiment, about 10 mg of the 
sample was heated at a rate of 10 ℃/min from 50 to 900 ℃ with a nitrogen flow at 100 
mL/min. 
 
3.7 UV-vis Analysis 
UV absorption spectra were measured on a UV-vis-NIR scanning spectrophotometer 
(Shimadzu UV-3101PC). A small amount of sample was first dispersed in deionized water in 
an ultrasonic water bath. The above solution was then transferred into a 1 cm sampling quartz 
cuvette for analysis, using deionized water as reference. 
 
3.8 Brunauer-Emmett-Teller (BET) Measurement 
The specific surface areas of as-prepared samples were determined with the BET method on an 
automatic volumetric sorption analyzer (Quantachrome, NOVA-3000) using physical 
adsorption of nitrogen at the liquid nitrogen temperature (-196 ℃). Prior to BET 
measurements, the samples were degassed at 80 ℃ in an attached heating station of 
NOVA-3000 for 12 h. To obtain pure samples, surfactant organic phase could be removed 
completely by heating samples at 300-450 ℃ in air for 3 h before the BET measurements. 
Chapter 3 Characterization Methods 
56 
3.9 Contact Angle Measurement  
In this work, the contact angles (CAs) of DI water on substrates were measured by a VCA 
optima surface analysis system. After dropping several water drops onto the film surface of a 
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CHAPTER 4 




As one of many challenges in the design and synthesis of nanomaterials, inorganic 
nanostructures with a distinctive geometrical shape and a controllable interior space have 
received increasing attention in recent years owing to their potential applications as 
nanocontainers, nanoreactors, etc.1-25 Among many reported studies, a spherical structure 
possesses the highest symmetry and is the most observed form adopted by nanomaterials in 
template and/or template-free preparations, including vapor-phase deposition.1-3,5,6,8-14,31 Other 
product morphologies, such as cylindrical tubes,15,16 cubes,4, 17-19 polyhedrons (such as Platonic 
polyhedrons),20-24 and rings,25-30 have also been fabricated via various chemical methods. As 
illustrated in Figure 4-1a-c, high geometrical symmetry is a common structural feature for 
these materials, where many symmetric elements such as multifold rotational axes, symmetric 
planes, and centers can be found in these structures. In expanding fundamental exploration in 
this area, it would be highly desirable for one to prepare hollow nanomaterials in less 
symmetric or even asymmetric configurations, preferably, with wet chemical approaches to 
achieve high product uniformity and synthetic yield while maintaining single crystallinity for 
the nanostructures. One way to create asymmetric nanostructures is by adding a secondary 
chemical component to existing symmetric structures, which breaks the structural symmetries 
and leads to formation of multiphasic asymmetric nanostructures (such as asymmetric dimers 
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or heterodimers) with additional constituent modification.7,8,31-33 Another way to fabricate 
asymmetric nanomaterials is by simply using intrinsic structural properties of materials. This 
method does not add new chemical components, and the resultant asymmetry is purely 
structural and geometrical. Examples in this area can be found in a recent synthesis of solid 











Figure 4-1 (a-c) Symmetric geometrical structures: cube, sphere, and tetragonal bar, where 
symmetric planes can be found in all principal directions. (d, e) Asymmetric geometrical 
structures: cone and truncated cone, where there is no symmetric plane between the top and the 
cone base. 
 
One of the major technical obstacles in this new research area is controlling surface reactivity 
for crystal planes/facets under a set of reaction parameters.21,22 For instance, crystal 
morphologies of cubes, octahedrons, or other simple polyhedrons, which possess very high 
geometrical symmetries, will be formed if only a selected family of crystallographic planes can 
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be stabilized. In contrast, more complex polyhedrons or less symmetrical elements should be 
attainable if one can achieve an overall balanced growth for two or more families of crystal 
planes under certain reaction conditions, as these crystal planes would intersect each other and 
serve together as the boundary for a desired nanostructure. Examples of this type can be seen 
in complex polyhedral morphologies for the cubic system, where simultaneous stabilizations 
of {100}, {110}, and {111} planes have to be achieved.21 Apart from the surface reactivity 
control, furthermore, creation of interior space would certainly add another tier of complexity 
to the wet synthesis. Among all these considerations, the ability to stabilize selected sets of 
crystal crystallographic planes while maintaining a moderate growth rate for certain crystal 
planes under the reaction conditions is a key to the success of synthetic architecture of hollow 
nanomaterials with high degrees of structural anisotropy.  
Herein we will use the fabrication of a new type of nanostructured zinc oxide (ZnO), an 
important semiconducting and piezoelectric material,13, 35-37 to demonstrate a new conceptual 
scheme for architecture of asymmetric nanomaterials (Figures 4-1e and 4-2a) via solution 
processes. Quite encouragingly, for the first time, asymmetric nanostructures of 
single-crystalline ZnO with hollow interiors have been synthesized with a facile wet chemical 
route. Geometrically, from a fundamental viewpoint, the ZnO (inorganic) nanostructures 
prepared in this work can be viewed as a configurational analogue to cone-shaped cyclodextrin 
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4.2 Experimental Section 
In a typical synthesis of ZnO hollow nanostructures, an aqueous ammonia solution [32 wt % 
(16.5 M), 1-5 mL, Merck] and deionized water (0-5 mL) was first added to 2-propanol (105 
mL, Fluka) to form a clear solution. Afterward, zinc acetylacetonate hydrate 
[Zn(C5H7O2)2·xH2O, x≈0, 0.66 g (~2.5 mmol), Strem Chemicals] was dissolved under 
magnetic stirring. After 10 min, polyoxyethylene (20) sorbitan trioleate (Tween-85, 15 mL, 
Sigma) was added dropwise into the above solution, followed by vigorous stirring for 10 min 
and sonication under an ultrasonic water bath for 5 min. The above solution mixture (40 mL) 
was transferred to a Teflon-lined stainless steel autoclave with a capacity of 50 mL and then 
kept inside an electric oven at 100-180 ℃ for 1-10 h. After reaction, the autoclave was cooled 
under tap water, and white ZnO crystalline products were washed via centrifugation and 
redispersion cycles, with each successive supernatant being decanted and replaced with 
2-propanol and ethanol. Dehydration of the precipitate was carried out in an oven at 60 ℃ for 
12 h. 
 
4.3 Result and Discussion 
4.3.1 Structural and Compositional Characterization  
In the present work, a cosolvent system made of water, 2-propanol, and polyoxyethylene (20) 
sorbitan trioleate (Tween-85; see Experimental Section) was used for controlling the 
morphology and size of ZnO nanoproducts, as depicted in Figure 4-2a. Zinc acetylacetonate 
together with ammonia in aqueous phase was then hydrolyzed under hydrothermal conditions, 
through which ZnO was formed. As a nonionic reagent, Tween-85 could also be partially 
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hydrolyzed to give away an alkylated oleate group (ester segment, dashed line, Figure 4-2b) 
which serves as an anionic surfactant for crystal plane deactivation and thus control of crystal 
growth direction.18, 19 All the as-prepared samples of ZnO were first verified for their crystal 
structure and composition. Our investigation with powder X-ray diffraction (XRD) and 
energy-dispersive X-ray spectroscopy (EDX) reveals that the oxide products indeed have a 
hexagonal symmetry and a stoichiometric composition (Figure 4-2c; wurtzite phase, SG: 









Figure 4-2 (a) Structure and formation of bullet-head-like hollow structures of ZnO in solution; 
(b) molecular structure of Tween-85; (c) a representative XRD pattern of the ZnO hollow 
structures prepared in this work. 
 
4.3.2 Asymmetric Nanostructures  
Figure 4-3 displays four TEM images of the as-synthesized ZnO products at different 
magnifications. All individual ZnO nanocrystals have an interior cavity, and their trapezoidal 
side view and hexagonal top view suggest a shape approximating a cone-like (or 
bullet-head-like to be more exact) structure (also refer to Figure 4-5a below). As reported in 
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Figure 4-3, the size of the ZnO nanocrystals is very uniform when they are fully developed 
(e.g., reaction time ≥3 h at 180 ℃; also refer to Figure 4-4a), and the monodisperse 
nanocrystals can be tuned facilely in a range from 200 to 500 nm by varying reaction 
temperature, time, precursor concentrations, and their relative ratios. In addition to the shape 
asymmetry, it is further noted that the created interior space is located in the upper part of a 
bullet-head-like structure, as shown in the TEM images of the side-view ZnO nanocrystals, 
which reveals another new type of structural anisotropy-space asymmetry. It should be pointed 
out that the present asymmetric structures are geometrically different from some reported 
polyhedral ZnO microcages and shells prepared in vapor phase that possess high 











Figure 4-3 TEM images representative of the bullet-head-like ZnO hollow structure at different 
sizes and magnifications, where the interior cavity of the structures is also clearly 
demonstrated. Note that most of the ZnO nanostructures in these images are shown with their 
trapezoidal side view. The reaction time in this synthesis was set at 4 h. 
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In the wurtzite-structure ZnO, zinc cations sit inside the tetrahedrons constructed by oxygen 
anions, and the tetrahedrons interconnect one another through corner sharing. A simplified 
view for this structure is that the alternate layers of oxygen and zinc ions are stacked along the 
c-axis. Commonly observed crystal planes for this oxide are six prismatic side planes that are 
parallel to the c-axis, including (10-10), (-1010), (01-10), (0-110), (1-100), and (-1100); top 
and bottom planes that are perpendicular to the c-axis, including (0001) and (000-1); and six 
pyramidal planes that intersect the top plane and six prismatic side planes, including (10-11), 
(-1011), (01-11), (0-111), (1-101), and (-1101). The exterior morphology of our ZnO samples 
is further examined with field emission scanning electron microscopy (FESEM) in Figure 4-4; 
an excellent morphological yield of about 100% (Figure 4-4a) is revealed. It is seen that the 
growth is along the [0001] direction, although the top plane (0001) and six pyramidal planes 
(10-11), (-1011), (01-11), (0-111), (1-101), and (-1101) are not well faceted in this 
bullet-head-like structure. Though the surfaces are not smooth, which is a typical feature of 
organic/surfactant assisted growth (also see a discussion below), the pyramidal planes and the 
hexagonal bottom planes can still be recognized in parts b and c, respectively, of Figure 4-4. 
The presence of the pyramidal sloped planes is also indicated by the relative peak intensities of 
XRD patterns of the ZnO products, where the 101 reflection is more intense than the 100 and 
002 peaks (Figure 4-2c).34 Other structural features such as crystallite steps (i.e., helical 
structures35) and crystallite grain boundaries have also been observed on the exterior surfaces 
of the nanostructures. It is thought that these crystal defects may serve as communication 
channels for chemical constituents inside as well as outside these nanocontainers and reactors 
when concerning their future applications. 14, 36 





















Figure 4-4 FESEM images of exterior surface morphologies of the bullet-head-like ZnO 
hollow structures: (a) overall crystal uniformity; (b) trapezoidal side view (the white arrow 
indicates a side plane of (10-10)); (c) hexagonal bottom view (the white arrow points to a 
spiral step on the plane of (000-1)). The reaction time in this synthesis was set at 4 h. 
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A geometric approximation between a truncated-cone structure and the present bullet-head-like 
ZnO architecture with an interior space is made in Figure 4-5a. The asymmetric ZnO prepared 
indeed has a hexagonal base perpendicular to the c-axis, which is confirmed by the sharp 
diffraction spots of the [0001] zone (Figure 4-5b,c). High perfection of single-crystalline ZnO 
is also demonstrated in the three equivalent sets of well-ordered lattice fringes of d10-10 (0.28 
nm, Figure 4-5b). In particular, the interior space of the ZnO hollow crystals is shown as 
contrasting lighter images with its walls as darker ones, due to different penetration depths of 
the incident electron beam. Based on this observation, it is known that the interior space also 











Figure 4-5 (a) Comparison of exterior crystal morphology between a well-faceted ZnO 
structure and a bullet-head-like ZnO viewed along the [0001] axis; (b) HRTEM image of a 
bullet-head-like ZnO hollow structure taken along the [0001] axis (i.e., hexagonal topview); (c) 
a bullet-head-like ZnO hollow structure viewed along the [0001] axis and its related SAED 
pattern ([0001] zone diffraction spots). 
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4.3.3 Formation Mechanism  
The wurtzite-phase ZnO does not have a center of inversion. One of the fascinating structural 
features of ZnO is that the (0001) and (000-1) crystal planes are terminated with zinc cations 
and oxygen anions, respectively, resulting in two polar surfaces with opposite charges. It is 
known that naked {0001} surfaces of ZnO are not reconstructed, and the geometric and 
electronic relaxations of the polar surfaces are strongly coupled, based on recent theoretical 
and experimental results from scanning tunneling microscopy and surface X-ray diffraction 
investigations.44, 45 Consequently, to conserve stoichiometry and charge neutralization for ZnO, 
the total surface of the (0001) termination must be equal to that of the (000-1). Due to its 
structural anisotropy and surface electric polarity, in many cases, the growth rates along 
different crystal directions are r[0001] > r[10-1-1] > r[10-10] > r[10-11] > r[000-1] under normal solution 
conditions.37 However, this hierarchical rate sequence could be altered with surface 
modification under different reaction settings. 
In the present study, we found that the formation of asymmetric ZnO starts from the base of a 
bullet-head-like structure. As reported in Figure 4-6, the solid precursor Zn(OH)2 still coexists 
with ZnO products after 1 h of reaction. The formation process starts by forming a 
ring-structured base (Figure 4-6a,b), in which smaller nanocrystallites of ZnO are attached to 
one another through an "oriented attachment" mechanism (Figure 4-6c).29, 30 Within this short 
reaction period, the hollow structure of ZnO with a very thin top closure has been readily 
formed (Figure 4-6d), noting that the structure is comprised of tiny crystallite grains. When the 
reaction time is extended to 2-3 h, a better faceted hexagonal ring-like base can be obtained 
while the Zn(OH)2 is largely gone. It is believed that the base formation is then followed by an 
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upward growth, which constructs the sloped wall, and finally by an addition of top closure, 











Figure 4-6 TEM images for the formation process: (a) ZnO hollow structures together with 
their solid precursor Zn(OH)2 (thin-layer-like); (b) fragments of ZnO-based crystals; (c) a 
ring-like base formed by attachment of ZnO nanocrystals together with residual Zn(OH)2; (d) a 
bullet-head-like ZnO hollow structure. Note that to observe this initial state of ZnO growth the 
reaction time in this synthesis was set at only 1 h under the same conditions of the samples in 
Figures 4-3 and 4-4. 
 
It is also interesting to note that the initial hexagonal rings have diameters similar to those of 
the mature structures, indicating that the size of the ring base determines the overall 
asymmetric structure and the r[0001] is indeed a dominant rate for the wall construction. In the 
process steps depicted in Figure 4-7a, stabilization of the six pyramidal planes and the [0001] 
extension are the two controlling factors to make a hollow structure. The structural extension 
along the [0001] was taken place primarily at the edge of the ring base to avoid the formation 
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of solid or nontruncated nanocones.13, 38 This sloped upward extension would then naturally 
lead to the top closure for the nanostructure. Due to the continuous [0001] deposition on the 
central base prior to the top closing, the resultant interior space is located in the upper portion 
(Figures 4-3 and 4-7). The top closure is generally thinner (structure iv, Figure 4-7a), because 
it was formed in the later stage and the overall deposition rate was decreased with reaction 
time owing to a decrease in concentration of nanocrystallites. Concerning different planar 
stabilizations, it is believed that acetylacetonate (from the starting zinc salt) and the in situ 
produced alkylated oleate anions (from Tween-85)18, 19 would work synergistically for the 
structural formation, although their exact roles in the synthesis are not entirely clear at this 
time.  
Based on the rough surfaces visible in the FESEM pictures of Figure 4-4 and the grainy 
appearance of the ring and base structures in Figure 4-6, we believe that Smoluchowski-type 
capture of nanosized primary particles (i.e., oriented attachment or self-assembly via crystallite 
aggregation), rather than by the LaMer-type nucleation-and-growth mechanism, was operative 
during the formation of asymmetric ZnO structures. On the basis of our results (Figures 4-3 to 
4-6), in particular, Smoluchowski-type aggregation played an important role for the formation 
of a basic ZnO structure during the Zn(OH)2 to ZnO crystallite conversion, whereas in the later 
stage of growth other processes such as the LaMer-type mechanism and Ostwald ripening 
might become predominant when the Zn(OH)2 solid precursor is largely consumed since the 
bullet-head-like asymmetric structures are better faceted with a prolonged growth time.  
 
 








Figure 4-7 (a) Formation process of the hollow structures via "oriented attachment" 
(cross-sectional side view): (i) a ring-like hexagonal base, (ii) a complete base and 
deposition/growth of sloped walls, (iii) continuous deposition/growth of the walls and base, 
and (iv) top closure. The deposition/growth rate of nanocrystallites along [0001] is denoted by 
the length of the arrows. (b) Interior and exterior polar crystal planes of the {0001} family. 
 
4.3.4 Structural Features and Their Implications 
In the [0001]-oriented ZnO hollow nanocrystals, only one (000-1) crystal plane exists on the 
base of each solid nanocone due to the formation of a sharp (0001) tip.13, 38 One of the 
intriguing structural features of our asymmetric ZnO that should be mentioned is that each 
structure virtually has two pairs of {0001} planes, as illustrated in Figure 4-7b, which is 
different from those observed in the ZnO nanobelts where positive and negative charges are 
equal on the two sides of a nanobelt. 25, 26 In the present case, the sizes of our {0001} planes 
are not equal in each pair due to the unique asymmetric exterior and interior structures, 
although the total positive and negative charges must be balanced. Several important structural 
and electronic features of our ZnO products should be recognized. Considering the ideal 
nanostructure depicted in Figure 4-7b, the plane area (A) of {0001} takes the following order 
counting from the top: (0001)ex > (000-1)in < (0001)in < (000-1)ex (where "ex" = exterior plane, 
and "in" = interior plane), and the corresponding charge arrangement of these planes is then "+, 
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-, +, -". Furthermore, electrostatic energy densities ( ) of the top and base ZnO are expected to 






where  and E are the permittivity of ZnO and the electric field, A and d are the total plane 
area of the (0001) or (000-1) plane and their average separation distance (dtop < dbase), and V 
and C are the potential generated by the charges of the (0001) and (000-1) planes and the 
capacitance possessed by these two planes. Nonetheless, any chemical constituents inside the 
structure must experience an inverse inner electric field (i.e., generated by the (000-1) plane of 
the top closure and the (0001) plane of the base), because of the presence of localized 
structural and charge imbalances inside the nanocavity. Considering different energy densities, 
for example, the top and base ZnO may have respective physicochemical properties for the 
reactants inside and outside the nanocontainers. Due to the surface adsorption of reacting 
species and charge neutralization in solution, however, the energy density picture described 
above should be even more complicated. This novel type of asymmetric nanocontainers and 
reactors may pose an interesting research topic for a future in-depth investigation. For example, 
charge transfers from (000-1) to (0001) and/or from the polar surfaces to adsorbates, and vice 
versus, in the two different portions (the top and base) of this asymmetric ZnO nanostructure 
may have significant implications for gas sensing and catalytic applications. 
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4.3.5 One-Dimensional Extension Modes 
As mentioned earlier, the size of the ZnO products can be manipulated via changing synthetic 
parameters. Generally speaking, higher water to organic solvent ratios will give larger 
structures, while higher concentrations of the zinc salt and ammonia will lead to thicker walls 
and smaller inner spaces. In addition to the singular, discrete ZnO products reported in Figures 
4-3 to 4-7, coupled structures (i.e., solid dimers) can also be prepared when the ratio of water 
to organics (2-propanol and Tween-85) exceeds a critical value of ca. 0.02 (v/v) under our 
normal preparative conditions. In Figure 4-8, two possible coupling models are schematically 
described. In route i, the coupling takes place between two similarly sized ZnO units. In route 
ii, in contrast, the process involves an in situ growth of a second unit owing to a higher degree 
of supersaturation of nutrients in the growth. As displayed in Figure 4-8a-d, our TEM 
investigation actually supports route model ii, noting that the interior space in these structures 
can still be preserved. The observed "head-to-head" coupling apparently benefits from a charge 
neutralization between the positive (0001) plane and negative alkylated oleate and 
acetylacetonate which are anchored on the surface. Due to higher starting concentrations used 
in these syntheses, the size of coupled structures is larger than those shown in Figures 4-3 to 
4-7 for the singular ones. With even higher starting concentrations, the growth (i.e., a landing 
attachment) of a second structural unit can be best demonstrated in Figure 4-8e-h, where 
secondary units at various sizes are coexisting. Due to high concentrations of nutrients, 
however, the interior cavity was filled up entirely, indicating a faster deposition of the (0001) 
plane. This observation suggests that the "dimerization" is indeed ascribable to a sequential 
process. Furthermore, we observed that though their sizes are different, the joining areas 
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between two ZnO units are always identical in all mature paired microcones, as compared in 
Figure 4-8j-l; the direct attachment proposed in route i would not always give such perfect 
matches. In this connection, the sequential mechanism is further evidenced in Figure 4-8l, 
where two new units (the third and fourth) are emerging on the (000-1) planes of a pair of 
mature structures. Quite interestingly, the development of the third and fourth units belongs to 
a new assembling process (hereafter we call it "head-to-tail"), and the overall assembly 
becomes "head-to-head" and then "head-to-tail". Our results are therefore different from other 
twined micro- and nanocrystals reported earlier, where the ZnO products are mostly shown as 
two equally sized bicrystals, implying that their bicrystals were formed simultaneously on 
certain soft templates such as surfactant bilayers.27 One of the unique structural features of 
these bi-units that should be pointed out here is that, unlike the singular ones, more equally 
sized bi-units (Figure 4-8j-l) would essentially eliminate the structural and charge anisotropies, 
as they are now terminated with the same (000-1) planes and the overall structure becomes 
more symmetrical. Chemical reactivities of singular unit and bi-units must thus be different. 
Promisingly, other higher orders of coupling should also be attainable in the future, as 




















Figure 4-8 Process illustrations of two proposed mechanisms for the formation of coupled ZnO: 
(i) direct coupling and (ii) landing-and-growing process. TEM images for coupled ZnO hollow 
nanostructures (a-d) synthesized with increasing water contents, and for larger coupled ZnO 




In summary, using ZnO as a model system, a wet synthetic scheme for asymmetric 
single-crystalline nanostructures with an interior space has been devised through self-assembly 
of primary nanocrystallites and stabilizing two or more sets of crystal planes. In addition to the 
exterior structural anisotropy, it has been found that the created interior space is located in the 
upper part of the nanostructures; a new type of structural anisotropy is thus revealed. 
Accompanied by an asymmetry-to-symmetry transformation, the possibility of dimerization 
and higher ordered coupling/growth of the ZnO nanostructures has also been illustrated. On 
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the basis of the present findings, in principle, the synthetic scheme should also be applicable to 
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CHAPTER 5 
SYMMETRIC LINEAR ASSEMBLY OF 
HOURGLASS-LIKE ZnO NANOSTRUCTURES 
 
5.1 Introduction 
Owing to the vast interest in the design and synthesis of nanomaterials, concepts and strategies 
of template-free self-assembly of nanostructured building blocks into larger mesoscopic 
structures have been developed rapidly over the past 15 years or so.1-25 There are a number of 
methods available at the present time, which make use of various chemicophysical interactive 
forces among the organized units such as van der Waals interaction,2-8 chemical bindings,9-13 
solvent adhesion and capillary action,14,15 hydrophilic and hydrophobic effects,16,17 electrostatic 
interactions,18 and magnetic attraction and repulsion.19-25 Among these methods, surfactant- or 
ligand-assisted self-assembly is a facile approach widely used in preparations of one-, two-, 
and three-dimensional (1D, 2D, and 3D) nanomaterials including their hierarchical 
organizations, artificial superlattices, or supracrystals.2-8 In this method, the interconnectivity 
among freestanding nanostructured building blocks relies primarily on van der Waals 
interaction of organic surfactants which are either deliberately introduced to or anchored 
inherently from synthesis on the external surfaces of the building units. Nevertheless, at the 
present time, the organizations of this type are only limited to constructional units with simple 
geometrical structures such as nanospheres, nanodisks, nanocubes, nanoprisms, and nanorods; 
they are commonly arranged into 2D- or 3D-assemblies, although 1D-stacks of disk-like 
nanocrystals have also been reported.4 
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Apart from the above accomplishments, it has been conceived that organizations of more 
complex nanostructures may represent the next challenging phase for surfactant-assisted 
self-assembly.26-31 To this advancement, however, a number of research issues should be 
addressed. First, nanostructured building units with more complex geometrical structures must 
be fabricated, preferably with wet chemical synthesis. Second, investigation on less commonly 
attainable organizations, such as 1D-assemblies, should also be pursued in addition to the 
common ones (i.e., 2D and 3D). And third, synthesized products and their organizations must 
show some flexibility in tuning intrinsic material properties, such as creation or dismissal of 
structural symmetry through manipulative arrangement of nanobuilding blocks. To pursue the 
research in this new direction, we note that zinc oxide (ZnO) may serve as a good model 
candidate, considering its unique crystal structure and numerous known morphologies.32-81 In 
wurtzite ZnO, for example, divalent Zn2+ ions sit inside the tetrahedrons formed by O2- ions, 
and the O2- ions then connect to each other by corner-sharing. Therefore, the wurtzite-phase 
oxide can also be viewed as layers of Zn2+ and O2- ions stacked alternately along the c-axis (i.e., 
[0001] direction). In order to restore charge balance, interestingly, polar crystal planes of ZnO 
with opposite charges are often observed.  
Due to its importance in many fields of technology, ZnO has been prepared recently into 
various nanostructured crystal morphologies, which include particles,32-36 rods,37-41 and their 
arrays,42-48 tubes,49-54 rings,55 belts and ribbons,56, 57 wires,58 springs,59, 60 helices,61, 62 cones and 
truncated cones,63, 64 polyhedrons,65, 66 disks and twined disks,67-69 twined crystals,70, 71 
urchins,72 dendrites,73, 74 tetrapods75, 76 and other multipods,77-81 etc. However, little work has 
been devoted to the self-assembly, except for several reported growth-related hierarchical 
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organizations of nanoparticles and nanorods. Strictly speaking, self-assembly of truly discrete 
nanobuilding units at the present time is only limited to surfactant-assisted 2D and 3D 
organizations of ZnO nanoparticles (0D),32-36 and the organizations of more complex ZnO 
free-standing nanostructured building objects have nevertheless remained to be realized for 
this important semiconducting and piezoelectric material as well as in the general area of 
self-assembly of complex nanostructures.  
In this work, we will use synthesis of complex ZnO nanostructures to address the above issues 
related to the low-dimensional self-organization of nanomaterials. As illustrated in Figure 5-1, 
the complex ZnO nanostructure fabricated in this work is actually a structural dimer formed by 
coupling the (0001) planes of the two halves (i and ii, Figure 5-1). It is noteworthy to mention 
that each coupled block possesses an interior cavity in the center, resembling an hourglass-like 
structure. Our study shows that these hollow building units can be further connected to one 
another into one-dimensional arrays via van der Waals interaction of their surface surfactant 
species. Because of the central space and straight alignment, one can consider the resultant 
assemblies as periodic cavity arrangements in one-dimension (iii, Figure 5-1), analogous to the 
one-dimensional photonic crystals,82, 83 or as a series of nanoreactors for photocatalytic 
applications.84 Furthermore, the inherent crystal asymmetry of ZnO can be removed or 
modulated in final assembled structures regardless of the actual number of constructional units 






















Figure 5-1 Schematic illustrations for the complex ZnO nanostructures: (i) a faceted ZnO 
crystal which is bounded with top and bottom planes (0001) and (000-1), and six pyramidal 
planes (10-11), (-1011), (01-11), (0-111), (1-101), and (-1101); (ii) a hourglass-like ZnO 
nanostructure formed by joining their (0001) planes (i.e., a twined crystal of i); the yellow 
sphere in the center shows a vacant space; (iii) linear assembly of the ZnO nanostructures; (iv) 
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5.2 Experimental Section 
The chemicals in this work were used as received without further purification. In a typical 
synthesis of ZnO nanostructures, zinc nitrate hexahydrate [Zn(NO3)2·6H2O, reagent grade 98%, 
Aldrich; 0.3-9.0 g (1.0-30 mmol)] was dissolved into deionized water (0-73 mL), followed by 
introducing a small amount of ammonia solution (NH3·H2O, 32 wt %, Merck; the molar ratio 
of Zn2+/NH3 was varied from 1:1 to 1:20) and ethanol (CH3CH2OH, GR-grade, Merck; 0-73 
mL) under magnetic stirring. Afterward, polyoxyethylene (20) sorbitan trioleate (Tween-85, 
Sigma; 0-15 mL) was added dropwise into the above solution under vigorous stirring for 10 
min. This solution mixture (40 mL) was transferred to a Teflon-lined stainless steel autoclave 
(50 mL) and then kept inside an electric oven at 100-180 ℃ for 0.5-48 h. After reaction, the 
autoclave was cooled under tap water, and white ZnO crystalline products were washed via 
centrifugation and redispersion cycles, with each successive supernatant being decanted and 
replaced with ethanol. Dehydration of the products was carried out in an electric oven at 60 ℃ 
for 12 h. 
 
5.3 Results and Discussion 
5.3.1 Synthesis and Characterization 
In this work, the reaction solution was prepared by mixing zinc nitrate hexahydrate solution 
and 32% ammonia solution, in which the molar ratio of Zn2+/NH3 was varied from 1:1 to 1:20. 
As explained in eqs 1 and 2, the starting solution displayed milky color when concentration of 
NH3·H2O was low (i.e., Zn2+/NH3 > 1:4), whereas a clear solution could be obtained when the 
molar ratio of Zn2+/NH3 was smaller than 1:4. There are dual roles for ammonia solution in our 
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present synthesis. On one hand, NH3·H2O can be dissociated in water to provide a basic 
reaction environment (eq 1). When ammonia concentration is low, zinc hydroxide Zn(OH)2 
precipitates spontaneously at room temperature, exhibiting a milky color for the solid-solution 
mixture (eq 2). On the other hand, when its concentration is high, NH3·H2O can serve as the 
chelating agent to form an ammonia complex with zinc ions [e.g., Zn(NH3)42+] (eq 3) and 
soluble zincite anions. In either case, however, hydrothermal treatment of Zn(OH)2 or 
Zn(NH3)42+ leads to the formation of solid ZnO (eqs 4 and 5). The net consumption of NH3 and 






A cosolvent system consisting of water, ethanol, and polyoxyethylene (20) sorbitan trioleate 
(Tween-85) was used to control the size and shape of ZnO products. As a nonionic emulsion 
agent, Tween-85 could also be partially hydrolyzed to give away an alkylated oleate group that 
served as an ionic surfactant in this synthesis (which will be discussed shortly). All as-prepared 
products of ZnO were first verified for their crystal structure. Figure 5-2 shows a 
representative XRD pattern of these products; all the diffraction peaks can be assigned to the 
hexagonal phase ZnO (JCPDS card no. 36-1451; wurtzite-type, space group P63mc). The 
measured lattice constants of co and ao are 5.21 and 3.25 Å, respectively (co/ao = 1.60).39, 55, 56 
All the ZnO samples presented in this work have similar XRD patterns to the one displayed in 
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Figure 5-2, i.e., they are all in the wurtzite phase. Consistent with this XRD result, our EDX 
investigation also reveals that all the synthesized materials are indeed zinc oxide, since their 















Figure 5-2 A representative XRD&EDX pattern of the complex ZnO nanostructures prepared 
in this work. 
 
5.3.2 Complex Nanostructures and Linear Assemblies 
Different from the previously reported twined microcrystals and nanocrystals of ZnO,67-71 we 
synthesized a new type of ZnO twined crystals that possess a hollow interior. With this central 
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space and the two identical halves of such a structure (Figure 5-1(ii)), an hourglass-like 
nanostructure has been attained for the first time. Figure 5-3 displays two sets of the samples 
prepared with the present method. As can be seen from their trapezoidal side-view and 
hexagonal top-view, the ZnO crystals have twined crystal structures depicted in Figure 5-1, 
and they are readily self-assembled into straight linear aggregates. On the basis of our 
experiments, the diameter of the ZnO aggregates can be further tuned with the preparative 
parameters selected such as concentrations of zinc solution, ammonia, ethanol, water, and 
Tween-85, etc. In general, higher concentrations of zinc solution lead to a larger size of 
complex ZnO nanostructures. In Figure 5-3a-c, for example, the average diameter of linear 
assembly is about 400 nm using a lower concentration of starting zinc solution, while in Figure 
5-3d-f, the average diameter has been enlarged to ca. 600 nm, because a higher concentration 
of the zinc was used. As expected, furthermore, a longer reaction time gives larger crystals 
owing to Ostwald ripening. Some of these parameters are interrelated, which will be addressed 
shortly. 
A detailed examination on these ZnO samples reveals that in addition to their apparent twined 
crystal morphology, there is a central vacant space in each twined building block (refer to 
Figure 5-1). Figure 5-4 shows some details on the void space of the ZnO nanostructures; this 
space is revealed as lighter contrasts in the TEM images of both the side-view (Figure 5-4a-d) 
and the top-view (Figure 5-4b). The morphological yield of this type of ZnO is about 100%, as 
presented in Figure 5-5 for a powder sample (see Experimental Section). As a good 
complement to the TEM finding on the interior space, the external closure of the hollow 
structure can be affirmed with FESEM method. In particular, the flat hexagonal planes of 
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(000-1) and pyramidal planes of (10-11), (-1011), (01-11), (0-111), (1-101), and (-1101) all 
can be observed clearly in the crystal assemblies (also see Figure 5-9).39, 55, 56 The predominant 
presences of these two families of crystal planes are also reflected in the XRD pattern reported 
in Figure 5-2. For instance, relative diffraction peak intensities of the (101) and (002) are 
indeed stronger than that of the (100), in contrast to the XRD pattern observed for the ZnO 
nanorods whose prismatic planes are the major boundary planes, and correspondingly the (100) 













Figure 5-3 TEM images of the complex ZnO nanostructures synthesized under different 
experimental conditions: (a-c) 40 mL of a solution (prepared from 0.65 g Zn(NO3)2·6H2O + 57 
mL H2O + 0.39 mL NH3·H2O solution + 16 mL ethanol + 7 mL Tween-85) at 220 ℃ for 2 h; 
and (d-f) 40 mL of a solution (prepared from 0.72 g Zn(NO3)2·6H2O + 33 mL H2O + 0.432 mL 
NH3·H2O solution + 40 mL ethanol + 7 mL Tween-85) at 180 ℃ for 2 h. 
 











Figure 5-4 TEM images of the complex ZnO nanostructures at a larger magnification. (a) The 
circled areas indicate lighter image contrasts which correspond to the central cavity of 
individual complex units of ZnO. (b) The arrow shows a detached ZnO unit viewed 
perpendicularly to {0001} planes, while all other units are viewed parallel to the {0001} 










Figure 5-5 FESEM image of the complex ZnO nanostructures synthesized under this 
experimental condition: 40 mL of a solution (prepared from 0.72 g Zn(NO3)2·6H2O + 33 mL 
H2O + 0.432 mL NH3·H2O solution + 40 mL ethanol + 7 mL Tween-85) at 180 ℃ for 2 h. 
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In good agreement with the observed crystal facets, furthermore, our HRTEM/SAED study 
reveals that the hollow building block of ZnO is indeed made of two pieces of single-crystals 
using their (0001) planes as the common juncture (see Figure 5-1(ii)). Three equivalent sets of 
lattice fringes of d10-10 (=0.28 ± 0.01 nm) have been seen clearly from the HRTEM image of 
Figure 5-6a, and the SAED pattern can be indexed into the diffraction spots of [000-1] zone of 
the wurtzite phase.55, 56, 81 Once again, the presence of central cavity is confirmed as a lighter 














Figure 5-6 (a) HRTEM image of a complex ZnO nanostructure viewed from 
<0001>-directions. (b) TEM image of a detached ZnO unit. (c) SAED pattern of the ZnO 
nanostructure shown in b. 
Chapter 5 Symmetric Linear Assembly of Hourglass-like ZnO Nanostructures 
89 
The formation of hollow interior in the twined ZnO nanobuilding block depends on a number 
of synthetic parameters. For example, within our study scope, a lower concentration of zinc 
ions and/or a higher molar ratio between water and ethanol favors the hollowing process. This 
finding has been demonstrated in Figure 5-3. The solid hollowing is also time-dependent, and 
thus solid twined ZnO crystals (i.e., without a central space) could also be prepared if reaction 
time is short (e.g., 1 h). In this regard, it appears that the formation of a central cavity can also 
be attributed to Ostwald ripening, where the aqueous solution, ammonia ligands, and low 
concentration of zinc ions are able to accelerate the dissolution of the central ZnO. In some 
extreme cases, ZnO rings instead of the complex ZnO nanostructures were obtained.  
5.3.3 Causes of Linear Assembly 
Besides the morphological study, the organic capping on the surfaces of the nanostructure was 
further investigated, as they play a vital role in determining the size and shape of the products. 
In order to elucidate the role of Tween-85, the as-synthesized sample was first analyzed with 
FTIR. As presented in Figure 5-7a, two sharp peaks at 2854 and 2926 cm-1 are attributed to the 
symmetric and asymmetric stretching modes of CH2 of the anchored surface organics, 
respectively.85-87 Compared to that of pure Tween-85,88 this IR spectrum shows the following 
differences: (i) the absence of strong C-O-C stretching at about 1111 cm-1,85-87, 89 (ii) the 
absence of an absorption band for the ester carbonyl group near 1737 cm-1,85-87 (iii) the 
presence of two new peaks at 1387 and 1556 cm-1 which are typically for the symmetric and 
the asymmetric stretching bands of the carboxylate group, COO-,90 and (iv) a pronounced 
red-shift of O-H band to 3384 cm-1, which can be attributed to surface hydroxylation of the 
ZnO products (Zn-O-H).88 All these observations collectively reveal that Tween-85 has not 
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adsorbed on the surface of the complex ZnO nanostructures, and the surface-modifying species 
on these nanostructures originated from the hydrophobic headgroup of Tween-85, i.e., 
alkylated oleate group [in the ionic form of CH3(CH2)7CHCHCH2CR2(CH2)5COO-, R = 
CH2CHCHCH2(CH2)6CH3]; the carboxylate anion binds to surface of zinc cations to produce a 
tight ligand shell. In fact, it has been well documented that transition metal ions can promote 
the cleavage of a carbonyl ester.91-93 In the present case, zinc cations (Zn2+) in both solution 
and solid phases might also serve as active catalytic centers for ester cleavage, producing the 
observed alkylated oleate capping groups. As a further confirmation, the presence of 
unattended neutral COOH could also be ruled out, since there is no IR stretching absorption of 
the carbonyl double bond at around 1702 cm-1.94 
The organic content on the surfaces of ZnO is about 2.5 wt %, as indicated in our TGA 
investigation reported in Figure 5-7b. The large weight loss between 220 and 420 ℃ can be 
assigned to the thermal decomposition of adsorbed alkylated oleate groups,88 while the loss 
over 420-700 ℃ is attributed to the thermal removal of decomposed organic fragments such as 
chemisorbed carboxylate and carbonate anions of the surface, because they are generally more 
persistent on the surfaces and require a higher removal temperature.88  
Our XPS analysis further provides additional evidence on the hydrolysis reaction of Tween-85 
and the resultant surface modification. Displayed in Figure 5-8a, the predominant C 1s peak at 
284.6 eV is assigned to aliphatic hydrocarbon chains derived from the aforementioned 
alkylated oleate group, and the smaller peak at a higher BE of 288.7 eV is due to the presence 
of carboxylate moiety on the metal oxide (ZnO).88, 94-96 The C 1s spectrum also shows a 
component at a BE of 286.2 eV, which resulted from a small degree of surface oxidation of the  





















Figure 5-7 (a) A representative FTIR spectrum of the complex ZnO nanostructures prepared in 
this work. (b) TGA results for the as-prepared complex ZnO nanostructures. (c) A schematic 
drawing indicating the coupling of two (000-1) planes via van der Waals interaction of the 
adsorbed surfactant molecules (The spherical head indicates the carboxylate group adsorbed on 
the ZnO (000-1) planes). 
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aliphatic chains.88, 95 The O 1s spectrum also reveals the similar results. The peak at 531.7 eV 
can be assigned to the carboxylate anions derived from the alkylated oleate groups,88, 95 which 
again confirms the absence of Tween-85 on the surface of complex ZnO nanostructures. The O 
1s peaks at 530.0 and 532.6 eV, on the other hand, can be assigned to oxygen species in the 
metal oxide and the surface hydroxyl group, respectively.88, 94-96 Consistent with these XPS 
assignments, the peaks of the Zn 2p1/2 and 2p3/2 spectrum clearly verify the presence of 















Figure 5-8 Representative XPS spectra of the complex ZnO nanostructures prepared in this 
work. 
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The crystal morphology and confirmation of the alkylated oleate surfactant can now explain 
the causes of linear assembly of ZnO nanostructures. As depicted in Figure 5-7c, the largest 
crystal planes available in the ZnO nanostructures are (000-1), and naturally these crystal 
planes could be bound together through van der Waals interaction of aliphatic hydrocarbon 
chains of surfactant molecules. It could also be understood that the alignment through the 
(000-1) planes is the most effective, as these crystal planes encounter the least geometric 
restrictions upon the coupling, compared with other smaller and less smooth ones (such as 
sloped pyramidal planes).  
It should be pointed out that the linear assembly of complex ZnO nanostructures not only 
forms on the support (e.g., TEM measurement, Figures 5-3 and 5-4) but also survives in the 
unsupportive powder form (e.g., FESEM measurement, Figure 5-5). These observations 
indicate that the 1D structures obtained are in fact quite rigid and robust. They can extend as 
long as several micrometers. Furthermore, the symmetric planes can be maintained at all times 
within each building unit as well as within an overall assembly. As illustrated in Figure 5-1(iv), 
the overall symmetric plane of an assembly moves from the (0001) plane to the (000-1) when 
the total building units change from an odd number to an even one. The stacking along <0001> 
is rather precise. Understandably, in order to generate a maximum overlap between two 
building units, the hexagonal surfaces of (000-1) are well matched, as shown in Figure 5-9, 
where the good alignment in the hexagonal edges can be observed.  
 
5.3.4 Growth Mechanism 
On the basis of the information revealed above, a growth process of complex ZnO 
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nanostructures can be now proposed. It is believed that the bilayer formed from alkylated 
oleate molecules serves as a molecular template for the nucleation and growth of ZnO.67 
Because of the presence of negative ends of carboxylate anions on the surfaces, as illustrated 
in Figure 5-9, positive Zn2+ ions are attracted first onto this negatively charged layer, leading to 
the formation of two (0001) planes of ZnO on each side; note that they are terminated with 
Zn2+ ions. The gap between the two (0001) planes could be further filled up during the 
expulsing or burying of the organic molecules and the associated growth. A continuous growth 
and a subsequent solid evacuation result in the final complex ZnO nanostructures. This 
proposed mechanism is supported by our FESEM observation on the joining regions between 
the two (0001) planes (Figure 5-9), where nonstraight growth marks can be clearly observed. 
The interfacial juncture, on the other hand, can later act as a starting point for the solid 
evacuation and the formation of central cavity, since it is more defective. Arising from this 
process, a hole or two are often found along this juncture (Figure 5-9). This type of open slit 
may serve as an avenue to the central space when considering the potential application of this 
structure in UV photocatalysis, as each building unit can be treated as a reactor.84 In this regard, 
the linear assembly of the complex ZnO nanostructures should then be viewed as a series of 
photosensitized nanoreactors. Because the hydrothermal reactions take place within a short 
period of time, it is not possible for us at the present time to monitor the actual evolution 
process under the investigated conditions (i.e., under high temperature and high pressure). 
Finally, it should be mentioned that, apart from the complex nanocrystals presented above, the 
same set of starting chemicals also allows us to prepare much larger microcrystals of ZnO by 
simply changing process parameters. In particular, these crystals can be formed by joining 
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either (0001) planes or (000-1) planes under different reaction conditions. Therefore, the 
present wet chemical methods show a great process flexibility to generate complex ZnO 








Figure 5-9 FESEM image of a linear assembly of complex ZnO nanostructures prepared in this 
work. The white arrow indicates an open slit along the juncture of two (0001) planes. The inset 
illustrates a proposed growth mechanism of twined ZnO nanocrystals at their interfacial region: 
(i) nucleation of ZnO at the surfactant bilayer; (ii) formation of {0001} planes; (iii) continuous 
growth of {0001} planes and expulsion (or burying) of surfactant molecules at (0001) planes; 
(iv) merging of two (0001) planes and forming of wavy interfacial boundary. 
 
5.4 Conclusions 
In summary, we have demonstrated in this work that complex nanostructured ZnO can be 
prepared with the present solution routes under hydrothermal conditions. With the assistance 
of organic species in synthesis, the as-prepared ZnO nanostructure is well faceted and is 
composed of two identical ZnO subunits; each subunit uses its (0001) crystal plane as a 
common joining face. By changing synthesis parameters, an interior space can be further 
attained for these structural dimers, which leads to the formation of an hourglass-like structure. 
Importantly, these complicated hollow nanostructures can be assembled to each other into 
robust one-dimensional arrays through van der Waals interaction of their surface-anchored 
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alkylated oleate groups. Due to a high structural symmetry achieved within each hourglass-like 
building block, the inherent crystal asymmetry of ZnO can be removed or modulated in overall 
nanostructure assemblies regardless of actual number of the participating units. The present 
precursor system also shows control flexibility for other morphological products of ZnO, 
including size and interior space manipulations. On the basis of the present findings, in 
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CHAPTER 6 




A sphere possesses the highest degree of symmetry, compared with other possible geometric 
structures.1 In this relation, small liquid droplets and micelles in colloidal solutions usually 
adopt this shape to reduce surface-to-volume ratio and thus surface energy.2,3 This is also true 
in the aggregation of colloidal particles, where the sphere is again a common structural form 
for particulate aggregates.4-7 In view of its high symmetry, a spherical structure has been 
chosen to be a favorable geometric form of primary building blocks in self-assembly and 
organization of functional materials.8,9 For example, polystyrene and silica beads have been 
preferably used in photonic crystal fabrications.8-10 Compared to polycrystalline spheres, 
however, mesocrystalline spheres are much more difficult to attain, although it has been shown 
that inherited structural isotropy can be utilized to make single-crystal spheres.11 It is generally 
conceived that the highly crystalline spheres can only be achieved for the materials with a 
cubic crystal system, because their ball-like polyhedrons, such as cuboctahedron,1 are 
themselves ready-shape approximates.  
Concerning the general "bottom-up" assembly paradigm in nanotechnology, it would be highly 
desirable to fabricate materials with lower crystal symmetries into spherical shapes that can 
then be used as symmetric building blocks for self-assembly. For example, zinc oxide (ZnO) 
has been recognized and used as an important semiconducting and piezoelectric material in 
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recent years.12-18 Because of its noncentrosymmetric structural anisotropy, single-crystalline 
ZnO normally is normally grown along the c-axis (i.e., [0001] direction) in solution media.12-16 
By manipulating growth conditions, the suppression in growth along the [0001] has been 
reported, which often leads to twined crystal platelets or bicrystals with clear prismatic 
facets.19-24 In this article, we report a synthesis of biphasic nanocomposites of 
ZnO-poly(vinylpyrrolidone). For the first time, we have demonstrated that highly anisotropic 
materials with a noncubic crystal system can be prepared into a pseudospherical form that 
comprises two mesocrystalline hemispheres. It is important to recognize that the (000-1) 
juncture can be considered as a symmetric plane between the upper and lower mesocrystals, 
and thus the c-axis anisotropy of ZnO can be canceled out in this bihemispherical architecture, 
as described in Figure 6-1a. Because of their unique structures, the resultant composite spheres 
can be used as primary building blocks to construct hierarchical nanostructures, including their 
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6.2 Experimental Section 
In a typical synthesis, zinc nitrate hexahydrate (0.03-0.3 g, ca. 0.1-1.0 mmol) was dissolved 
into 40 mL of N,N-dimethylformamide (DMF), followed by an addition of 
poly(vinylpyrrolidone) (PVP, 0-12 g) under vigorous stirring. The mixture was then 
transferred to a Teflon-lined autoclave and kept inside an electric oven at 100-220 ℃ for a 
desired period. After the solvothermal reaction, the autoclave was cooled under tap water, and 
white products (i.e., ZnO/PVP spheres) were washed via centrifugation and redispersion cycles 
with each successive supernatant being decanted and replaced with ethanol. Sample drying 
was carried out in an oven at 60 ℃ for 12 h. Details on the samples used in the following 
materials characterization can be found in Table 6-1.  
Sample Zn(NO3)2·6H2O (g) PVP (g) DMF (mL) Temp (℃) Time (h) 
Figure 6-1b,c 0.2970 0.6 40 220 1 
Figure 6-1d 0.2970 0.6 40 220 20 
Figure 6-1e 0.0297 2.0 40 220 2 
Figure 6-2a 0.0297 0.8 40 220 2 
Figure 6-2b 0.0445 4.0 40 220 2 
Figure 6-2c 0.0594 3.0 40 220 2 
Figure 6-3a,b 0.2970 0.6 40 220 20 
Figure 6-3c 0.0297 1.0 40 220 2 
Figure 6-3d 0.2970 0.6 40 220 2 
Figure 6-3e 0.0594 1.0 40 220 2 
Figure 6-3f 0.0297 4.0 40 220 2 
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Figure 6-4a,b 0.0297 2.0 40 220 2 
Figure 6-7a 0.0445 2.0 40 220 2 
Figure 6-7b.c 0.0297 2.0 40 220 2 
0.0297 0.8 (3.19 eV) 40 220 2 
Figure 6-8a,b 
0.0445 2.0 (3.08 eV) 40 220 2 















Figure 6-1 (a) Schematic illustration of formation of ZnO/PVP nanocomposite spheres, noting 
that two <0001> axes are pointed in opposite directions; (b,c) "8"-shaped intermediate 
structure (TEM and FESEM images); (d) 450-500 nm ZnO/PVP spheres (TEM image); and (e) 
650-700 nm ZnO/PVP spheres (TEM image). 
Chapter 6 ZnO/PVP Nanocomposite Spheres with Two Hemispheres 
108 
6.3 Results and Discussion 
Figure 6-1a depicts a formation process of ZnO/PVP spheres with the present synthetic 
approach. On the basis of the crystal morphologies we obtained, it is believed that the spheres 
are formed through an aggregation of crystallites at three different stages: an initial twining 
during the nucleation that is very fast, a rapid growth, and finally a ripening process. In 
particular, the stage two mesocrystal intermediates could be arrested within a very short period 
of reaction time (e.g., 0.5 or 1 h) after the nucleation. It is interesting to note that the twined 
intermediates adopt an "8"-shaped structure, and the interface between the crystal halves can 
be clearly observed from the TEM image (Figure 6-1b) and the FESEM image (Figure 6-1c), 
respectively. During the ripening process, the size of ZnO/PVP products is not increased much. 
Nevertheless, the "8"-shaped twined structure has been gradually changed to a pseudospherical 
type, which is presumably thermodynamically more stable as the total external surface can be 
reduced. With the present approach, the diameter of product spheres can be extended from ca. 
100 nm to several micrometers (Figures 6-1 and 6-2), depending on the synthesis parameters 
adopted. The spheres are quite uniform at a morphological yield of ~100% for each reaction 
batch. The pseudospherical shape of the ZnO/PVP composites is verified with the crystal 
morphologies of Figure 6-2, where the equatorial juncture between the two hemispheres can be 
clearly seen. Further confirmation on this twined structure can be attained with an additional 
crystal morphological examination. In addition to the shape control, the central interior of the 
ZnO/PVP spheres can also be created, as indicated in the TEM image contrasts of Figures 6-1e 
and 6-2b.  
 





Figure 6-2 (a) TEM image of ZnO/PVP composite spheres with an average diameter of 100 nm; 
(b) TEM image of larger ZnO/PVP composite spheres (>1000 nm in diameter); and (c) 
FESEM image of larger ZnO/PVP composite spheres (1500-2000 nm in diameter) with a 
hollow interior. The equatorial junctures between two hemispheres are indicated with arrows. 
 
It has long been known that ZnO can form different twined crystalline structures by combining 
its identical {0001} surfaces, either two (0001) or two (000-1) planes, as a common 
junction.23,24 In this type of bicrystals, crystal facets such as (10-10), (-1010), (01-10), (0-110), 
(1-100), and (-1100) etc. have been commonly observed.19-24 However, it is surprising to note 
that each ZnO/PVP sphere we prepared is comprised of two pieces of (facet-free) mesocrystal 
hemispheres, and the overall architecture is a twined crystal. Figure 6-3a shows a ZnO/PVP 
sphere viewed along the c-axis of ZnO. The [0001] zone diffraction spots can be clearly 
observed in its related SAED pattern (Figure 6-3b). In most cases, only one set of the spots is 
found; therefore it is understood that the two hemispheres are well aligned without changing 
their a- and b-orientations in this twined structure,23, 24 although mismatching between the two 
mesocrystal halves is occasionally found. In such a case, two (or more) sets of SAED patterns, 
instead of one, can be seen simultaneously for the same sphere. The mesocrystalline nature of 
the ZnO hemispheres is also verified with the HRTEM method (Figure 6-3c). Consistent with 
general features of mesocrystals, the spheres are indeed comprised of small crystallites and are 
apparently porous, as detailed in Figure 6-3d. It is found that the ZnO crystallites in each 
hemisphere are well oriented and integrated, giving the overall mesocrystalline features in the  













Figure 6-3 (a) TEM image of a ZnO/PVP sphere and its SAED patterns (b); (c) HRTEM image 
of a sphere viewed along the c-axis; (d) FESEM image of a ZnO/PVP sphere (side-view); (e) 
an XRD pattern of ZnO/PVP spheres; and (f) an FTIR spectrum of ZnO/PVP spheres. 
above SAED and HRTEM studies, though individually they are very small (Figure 6-3d). A 
larger configuration of mesocrystalline materials can be assembled from small building blocks 
such as nanocrystals. This type of structure has been recently demonstrated in a number of 
investigations where the "oriented attachment" works as an underlying mechanism responsible 
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for the structural formation, which will be further discussed shortly (in Figure 6-8c).25-28 The 
aggregative particulate growth involves self-alignment of nanocrystallites along their common 
crystallographic orientations.27, 28 Because their external surfaces are not smooth and there are 
no crystal facets that can be observed, it is believed that the formation of these hemispheres in 
the present case is also based on the same aggregative growth mechanism. A representative 
XRD pattern of Figure 6-3e shows that the ZnO phase is indeed well crystallized (i.e., sharp 
and intense diffraction peaks) and the crystalline phase of these samples is wurtzite ZnO (SG: 
P63mc; JCPDS card no. 36-1451), and the lattice constants co and ao are 5.21 and 3.25 Å, 
respectively.17, 18 It is found that there is a secondary component PVP together with ZnO in the 
hemispheres, resulting in formation of ZnO/PVP composites. The inclusion of this organic 
phase in the porous inorganic matrix has been elucidated with FTIR technique. In Figure 6-3f, 
both fingerprint absorption modes of PVP and Zn-O stretching are superimposed in the same 
IR spectrum.29, 30 In particular, a slight red-shift of C=O mode to 1652 cm-1 might originate 
from a weak coordinative bonding of C=O to Zn2+ at the ZnO/PVP interface. Furthermore, our 
EDX analysis affirms the composition of the biphasic composites. Quite interestingly, the PVP 
content in these ZnO/PVP composites can be controlled by a simple washing with ethanol. 
Shown in Figure 6-4 is a TGA investigation. For instance, as high as 50 wt % of weight loss 
(of PVP) was determined in the sample before ethanol-washing. There are three thermal events 
of PVP over the temperature range of 300-600 ℃ (Figure 6-4a). The first one at about 350 ℃ 
can be attributed to the ZnO (i.e., acts as a metal-oxide catalyst)-assisted thermal 
oxidation/decomposition of PVP, in view of a certain amount of chemisorbed PVP molecules 
(refer to our discussion of XPS results in Figures 6-5 and 6-6) on the ZnO crystallites. The 
Chapter 6 ZnO/PVP Nanocomposite Spheres with Two Hemispheres 
112 
major loss over 400-460 ℃ can be assigned to normal thermal decomposition of PVP, and the 
final one at about 460-600 ℃ can be assigned to the removal of carbon residues and imbedded 
organic fragments formed from the thermal reactions. Compared to the unwashed sample 
(Figure 6-4a), the chemisorbed PVP can be removed from the washed ZnO-PVP composites 
more easily, as shown in Figure 6-4b. While 4 wt % of PVP could still be detected in the 
sample that had been thoroughly washed, the same catalyst-assisted thermal 
oxidation/decomposition of PVP can take place at a temperature range centered at about 330 
℃ (Figure 6-4b). Therefore, our TGA results suggest that there are chemisorbed PVP 
molecules on the surfaces of ZnO that cannot be washed away, although they can be removed 






Figure 6-4 Thermogravimetric analysis and the first derivative curves: (a) ZnO/PVP sample 
before washing, and (b) the ZnO/PVP sample after washing. 
 
To understand the above surface chemistry, an XPS investigation had been further performed 
in this work. The XPS spectra of O 1s, C 1s, N 1s, and Zn 2p photoelectrons are displayed in 
Figures 6-5 and 6-6, respectively, and their analytical results are summarized in Table 6-2. 
Indeed, this XPS study also indicates an electronic interaction between the ZnO and PVP 
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phases in our samples, supporting the FTIR results. For example, a positive shift of O 1s 
photoelectrons (in the C=O group of PVP) from 531.1 to 531.4 eV is found in the ZnO/PVP 
sample. Similarly, C 1s (in the C=O group of PVP) also shows a positive shift in binding 
energy (from 287.3 to 287.7 eV), and so does the N 1s photoelectrons (from 399.4 to 399.6 
eV). All these observations suggest a charge-transfer from the organic phase to the inorganic 
phase.31 Consistent with these observations, the BE of Zn 2p3/2 is shifted negatively from 
1021.4 eV (pure ZnO) down to 1021.0 eV in the ZnO/PVP sample (Figure 6-6).32 Apparently, 














Figure 6-5 XPS spectra of C 1s, N 1s, and O 1s for as-received PVP sample and as-prepared 
ZnO/PVP composite spheres. 














Table 6-2 XPS results for PVP and ZnO/PVP spheres. 
 
Apart from the bimesocrystalline spheres, the present approach also allows us to make other 
complex nanostructures. For instance, as shown in Figure 6-7a, a large interior space of the 
spheres can be further generated via Ostwald ripening mechanism.5, 6 Furthermore, composite 
thin films can be fabricated by self-assembly of these freestanding biphasic spheres. Shown in 
Figure 6-7b, a tightly packed monolayer of the ZnO/PVP spheres has been assembled by 
simple coating with the as-prepared suspensions. Interestingly, intersphere spaces of the 
hexagonal close-packing structure are filled up with PVP during the film preparation (Figure 
6-7c). Because these building units can be either solid or hollow, there is room for further 
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compositional modification through introducing new components to the interior spaces or 
exterior surfaces or deleting the PVP phase via thermal heating. For instance, the specific 
surface area of thoroughly washed ZnO/PVP spheres (i.e., still containing 4 wt % PVP after 
the ethanol washing; see the discussion in the above paragraphs) was measured to be 22.4 m2/g, 
whereas phase-pure ZnO spheres with specific surface areas of 31.8 and 15.0 m2/g have been 
made by thermal removal of PVP phase at 300 and 450 ℃, respectively, in laboratory air for 3 
h. In principle, ordered multiple stacks of these spheres and other complex architectures should 














Figure 6-7 (a) TEM image of hollow spheres of ZnO/PVP; (b) a thin film fabricated from 
self-assembled ZnO/PVP spheres; and (c) detailed view on (b). 
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Figure 6-8a shows variation of UV-absorption of ZnO upon the change of PVP content. The 
absorption edge normally observed for bulk ZnO (optical band gap energy: ~3.37 eV at room 
temperature) has been shifted to longer wavelength region in our ZnO/PVP samples, and more 
red shift is found when the PVP content is higher. In this regard, the PVP in ZnO/PVP spheres 
can then be considered as an n-type surface modifier.29, 30, 33, 34 As discussed earlier (Figure 6-3) 
and illustrated in Figure 6-8c, each hemisphere comprises of well oriented ZnO 
nanocrystallites along the [0001] direction, forming a porous bimesocrystal structure, while the 
PVP modifier fills up intercrystallite pores. Because both the specific surface area of ZnO 
crystallites and the contents of PVP are high, it is understood that the interface contact and thus 
interaction between the two phases are rather intimate. Consistent with the electron-transfer 
revealed by XPS/FTIR, the observed red shift and the change of optical band gap energies 
(3.08-3.19 eV, Figure 6-8b) together suggest that there are new donor energy levels created 
below the conduction band, which allows the absorption of smaller energy photons. 
Concerning the formation of spherical ZnO bimesocrystals, it is believed that a small amount 
of DMF may undergo a hydrolysis process to produce positive ionic species such as 
NH2(CH3)2+ under hydrothermal conditions,35 which could facilitate stabilization of (000-1) 
surface in the initial nucleation and crystal twining, noting that the (000-1) plane of ZnO is 
terminated with oxygen anions.19, 22 As revealed by FTIR/XPS methods, on the other hand the 
carbonyl functional groups of PVP coordinate onto the Zn2+ ions of ZnO crystal surfaces and 
prevent their crystallites from rapid growth, especially along the [0001] direction (Figure 6-1), 
noting that the (0001) plane of ZnO is bounded with zinc cations. As for the shape control, 
PVP may also serve as a nonionic surfactant to form the micelles and/or vesicles together with 
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the solvent DMF and a small amount of water (from starting chemical zinc nitrate 
hexahydrate).36 If the content of PVP continues to be reduced while the DMF is kept constant 
as a simple testing, the spherical shape of products can no longer be maintained. Instead, 
well-faceted prismatic ZnO bicrystals are produced; these preliminary observations/tests seem 
to support the proposed roles of DMF and PVP in the present stage of our study. Furthermore, 
the adsorbed PVP will also reduce the surface reactivity of the primary ZnO nanocrystallites 
and prevent them from rapid growth and enlargement, including development into fractal 













Figure 6-8 (a) UV-vis spectra of two ZnO/PVP samples; (b) the ( Ephoton)2 versus Ephoton plots 
based on the spectral data of (a); and (c) a schematic illustration for the crystallographically 
oriented ZnO nanocrystallites (shown as small white spheres; arrows indicate the 
[0001]-direction of wurtzite ZnO), which are surrounded by PVP matrix material (indicated by 
gray color background) in a hemisphere. 
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6.4 Conclusions 
In summary, for the first time we have demonstrated that noncentrosymmetric ZnO can be 
prepared into symmetric spheres by coupling two mesocrystalline hemispheres in which PVP 
is incorporated as a secondary phase, that is, forming ZnO/PVP nanocomposites. In principle, 
the pseudospherical architecture developed in this work can also be applied to other materials 
with noncubic crystal systems. This synthetic method promises new possibilities of 
morphological and compositional control, property engineering, and structural organization for 
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CHAPTER 7 




Different from conventional “matrix-plus-a-secondary-phase” composites, nanocomposite 
materials are referred to a new class of materials that comprise two or more phases of different 
chemical compositions or structures, and at least one of the chemical/structural phases must be 
in nanometric scale.1-3  Owing to their synergetic effects, this class of materials has found 
their applications in various technological fields such as chemical sensing, photocatalysis, 
energy storage, solar-cells, and medical diagnosis etc.1-37 In association with these applications, 
preparation of binary, ternary inorganic nanocomposite materials has received considerable 
research attention in recent years.  In most cases, these nanocomposites are both structurally 
and compositionally complex, and they represent a paramount challenge for synthetic chemists, 
especially if one wishes to develop them using wet chemical processes,1-37 compared to solid 
state reactions or vapor phase depositions.38  In order to combine different component phases 
into a targeted nanocomposite, several methods have been developed over the past two decades, 
as exampled in the following. 
In the first general method, two or more phases of pre-made nanoparticles are physically 
mixed together according to desired chemical compositions for resultant nanocomposites, 
during which organic surfactants on nanoparticles play an important role to generate certain 
inter-particulate interactions through van der Waals forces.4,5  Due to differences in surface 
organic functional groups and particle shape/size compatibility, however, it is quite difficult to 
mix different types of nanoparticles homogeneously using this method.4,5  In the second 
method, which has been widely studied, composite nanoparticles can be prepared into single 
core/shell or multiple core/shell structures in a layer-by-layer manner, in which multiple 
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processing steps are normally required.6-15  Because a latter phase of material is always added 
to the surface of a former one, this method ensures intimate contacts among the different 
phases and thus a mixing at nanoscale level.6-15  In the third method, which has certain 
similarity to the second one, straight nanorods or branched multipods can be grown with 
different chemical/phase segments along the growth direction(s) in response to the changes of 
chemical constituents in solutions.16-18  Understandably, multiple steps must be involved in 
this type of syntheses.16-18  In the fourth method, which is also quite popular, nanoparticles are 
grown onto prefabricated nanostructured supports (such as one-dimensional nanorods, ribbons, 
wires, and nanotubes).19-23 In such cases, chemical composition of both overlayer (secondary 
phase) and support (primary phase) can be finely tuned with both starting materials/chemicals 
and processing parameters.19-23  In the fifth method, starting chemicals for different phases of 
materials are charged directly into a reactor, and reaction is then carried out under so-called 
“one-pot” conditions, in which different products will form in different stages according to 
their precursor reactivities as well as their product properties.24  Because they are formed 
within the same reaction environment, the different phases of materials in the final composites 
are conceived to be better integrated or more homogenously mixed during the reaction 
processes.24 
Among the above representative approaches, “one-pot” method is apparently the simplest one 
because it requires less preparative efforts.25-28  Although it has been widely adopted in 
single-phase nanomaterials synthesis,25-28 few nanocomposites have been actually prepared 
with this method in solution phase.24 This is because, due to its “one-pot” nature, the synthetic 
controllability over the final products seems to be relatively low.  In order to develop it into 
an effective method, process details of “one-pot” approach should be investigated.  For 
example, required composition and ratios of precursor chemicals, phase evolution during the 
composite formation, and ionic interdiffusion among different phases are all important issues 
associated with its further development.  In this work, we synthesized two types of 
nanocomposites of cobalt and zinc oxides (CoO/ZnO) and their doped derivatives 
(Zn1−xCoxO/Co1−yZnyO), which will serve as a comparative study for the methods 2 and 5 
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listed above.  The binary oxides system chosen herein is because divalent cobalt and zinc 
have very similar ion radii [r(Co2+) = 0.73 Å and r(Zn2+) = 0.74 Å], but their oxide crystal 
structures are vastly different (hexagonal ZnO versus simple rock-salt CoO).29-37  Although 
the selected materials combination has been extensively investigated for their inter-solubility 
and new physicochemical properties such as room-temperature ferromagnetism, etc,36,37 
information on synthetic architecture of this material pair in solution phase is still lacking.  
Through our present comparative study, therefore, we demonstrated that while “multi-pot” 
synthesis is a prevailing methodology for composite nanoparticles, “one-pot” synthesis can 
indeed be a workable approach for preparation of complex nanocomposite materials, 
especially for inter-doped metal oxides, if an in-depth investigation on process parameters is 
carried out.  Furthermore, our as-prepared binary oxides with high structural and 
compositional complexities have shown good catalytic activity for oxidation of carbon 
monoxide at relatively low reaction temperatures. 
 
7.2 Experimental Section 
The experimental details for each sample reported in this article can be found in Table 7-1.  
The following subsections summarize overall synthetic steps, catalytic tests, and general 
materials characterization for each type of materials and composites. 
 
7.2.1 Pure CoO Nanoparticles 
In a typical synthesis of pure CoO nanoparticles, 0−1.4 mL of aqueous solution of ammonia 
(NH3·H2O, 32 wt%; Merck) and 0−0.7 mL of deionized water were added firstly to 70 mL of 
2-propanol ((CH3)2CHOH, HPLC grade; Tedia) to form a clear solution.  Afterwards, a given 
amount (0.3−0.6 g) of cobalt (III) acetylacetonate (Co(C5H7O2)3, 98%; Aldrich) was 
introduced to the above solution under magnetic stirring.  After 10 min, 0−10 mL of 
Tween-85 (polyoxyethylene (20) sorbitan trioleate; Sigma) was added dropwise into the above 
solution, followed by a vigorous stirring for 10 min and an ultrasonicating treatment in an 
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ultrasonic water bath for 5 min.  Finally, 40 mL of this solution was transferred to a 
Teflon-lined stainless steel autoclave with a volume capacity of 50 mL and then kept at 
100−220 oC for 2−24 h inside an electric oven. 
 
7.2.2 CoO/ZnO Core/Shell Nanocomposites 
In the preparation of CoO/ZnO core/shell structures, 0.3 mL of alcoholic suspension of the 
above synthesized CoO nanoparticles (1.0−10.0 g⋅L−1; solvent CH3CH2OH, GR grade; Merck) 
was introduced to 10 mL of 2-propanolic solution of zinc acetate (0.03−1.0 mM; 
Zn(CH3COO)2⋅2H2O, reagent grade; Scharlau) under magnetic stirring, followed by a 
dropwise addition of sodium hydroxide solution (0.04−0.25 mL, 0.025−1.0 M; NaOH, 99%; 
Merck) into the above suspension.  Afterwards, the suspension was kept in a normal water 
heater or ultrasonic water bath at 50−80oC for 20−120 min. 
 
7.2.3 Zn1−xCoxO/Co1−yZny(OH)2 and Zn1−xCoxO/Co1−yZnyO Nanocomposites 
In these syntheses, 0.1−1.4 mL of aqueous solution of ammonia at various concentrations 
(2.3−32 wt%) was first added to 70 mL of 2-propanol.  Afterwards, a given amount 
(0.042−0.25 g) of zinc acetylacetonate [Zn(C5H7O2)2⋅xH2O, 98%; Strem Chemicals] was 
introduced to the above clear solution under magnetic stirring, followed by adding a certain 
amount (0.04−0.6 g) of cobalt (III) acetylacetonate.  After 10 min, 0−10 mL of Tween-85 was 
added dropwise to the above solution, followed by a vigorous stirring for 10 min and an 
ultrasonicating treatment in an ultrasonic water bath for 5 min.  Finally, 40 mL of the solution 
was transferred to a Teflon-lined stainless steel autoclave with a capacity of 50 mL and then 
kept inside an electric oven operated with certain heating routines.  In particular, the 
Zn1−xCoxO/Co1−yZny(OH)2 synthesis was carried out with a programmed temperature ramp at 
80oC first for 2 h and then at 170oC for another 2 h (it took 15 min to raise temperature from 
80 oC to 170 oC), while the Zn1−xCoxO/Co1−yZnyO nanocomposite was prepared with a one-step 
hydrothermal treatment at 100−180 oC for 2−24 h. 
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7.2.4 CO Oxidation Reaction 
The above prepared oxide nanocomposites were tested for their catalytic activities using 
oxidation of carbon monoxide as a model reaction.  A continuous-flow glass reactor used in 
this evaluation was inserted in a horizontal electric furnace, which allowed the catalytic 
reaction to proceed at the temperature of 25−500 oC.  A given amount of catalyst (15 mg) was 
filled into the glass reactor (inner diameter = 5 mm), which was clamped by glass fiber to 
prevent non-uniform distribution of catalyst along the radial direction.  Prior to the catalytic 
reactions of CO oxidation, the catalysts were treated firstly at 500 oC for 5 min, and a feed gas 
stream (1 vol% carbon monoxide, 19 vol% air, and 80 vol% argon) was then charged into the 
reactor at a flow-rate of 100 mL⋅min−1 at different temperatures (60−350 oC).  At the same 
time, an on-line Fourier transform infrared spectroscopic (FTIR) gas detector (Bio-Rad, Model 




Sample Preparation Details 
Figure 7-2a-c 
0.6 g of cobalt acetylacetonate was added to 70 mL of 2-propanol solution (which was made 
of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of DI 
water), followed by stirring for 10 min and 5-min sonication in an ultrasonic water bath. 40 
mL of the above solution was transferred into a Teflon-lined stainless steel autoclave, and the 
hydrothermal synthesis was conducted at 140 oC for 6 h in an electric oven. 
Figure 7-2d-f 
0.6 g of cobalt acetylacetonate was added to 70 mL of 2-propanol solution (which was made 
of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0 mL of DI 
water), followed by stirring for 10 min and 5-min sonication in an ultrasonic water bath. 40 
mL of the above solution was transferred into a Teflon-lined autoclave, and the hydrothermal 
synthesis was conducted at 180 oC for 6 h in an electric oven. 
Figure 7-2g-i 
0.6 g of cobalt acetylacetonate was added to 70 mL of 2-propanol solution (which was made 
of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of DI 
water), followed by stirring for 10 min.  Afterwards, 10 mL of Tween-85 was added 
dropwise to the above solution under magnetic stirring, followed by 5 min sonication in an 
ultrasonic water bath.  40 mL of the above solution was transferred into a Teflon-lined 
autoclave, and the hydrothermal synthesis was conducted at 180 oC for 12 h in an electric 
oven. 
Figure 7-2j  
0.6 g of cobalt acetylacetonate was added to 70 mL of 2-propanol solution (which was made 
of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of DI 
water), followed by stirring for 10 min and 5-min sonication in an ultrasonic water bath.  40 
mL of the above solution was transferred into a Teflon-lined stainless steel autoclave, and the 
hydrothermal synthesis was conducted at 140 oC for 2-12 h (for the synthesis of β-Co(OH)2 
and Co(OH)2/CoO) or 180 oC for 6 h (for the synthesis of pure CoO) in an electric oven. 
Figure 7-3a-d  
(a) 0.3 g of cobalt acetylacetonate was added to 70 mL of 2-propanol solution (which was 
made of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of 
DI water), followed by stirring for 10 min.  Afterwards, 10 mL of Tween-85 was added 
dropwise to the above solution under magnetic stirring, followed by 5 min sonication in an 
ultrasonic water bath.  40 mL of the above solution was transferred into a Teflon-lined 
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autoclave, and the hydrothermal synthesis was conducted at 180 oC for 4 h in an electric 
oven. 
(b) 0.6 g of cobalt acetylacetonate was added to 70 mL of 2-propanol solution (which was 
made of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of 
DI water), followed by stirring for 10 min.  Afterwards, 10 mL of Tween-85 was added 
dropwise to the above solution under magnetic stirring, followed by 5 min sonication in an 
ultrasonic water bath.  40 mL of the above solution was transferred into a Teflon-lined 
autoclave, and the hydrothermal synthesis was conducted at 180 oC for 4 h in an electric 
oven. 
(c) and (d) 0.6 g of cobalt acetylacetonate was added to 70 mL of 2-propanol solution (which 
was made of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 
mL of DI water), followed by stirring for 10 min.  Afterwards, 0 mL of Tween-85 was 
added dropwise to the above solution under magnetic stirring, followed by 5 min sonication 
in an ultrasonic water bath.  40 mL of the above solution was transferred into a Teflon-lined 
autoclave, and the hydrothermal synthesis was conducted at 180 oC for 6 h in an electric 
oven. 
Figure 7-4a-f The same as Figure 7-2g-i 
Figure 7-5a-c The same as Figure 7-2g-i 
Figure 7-6a-c 
0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (1.0 g/L) was mixed with 10 
mL of Zn(Ac)2 solution in 2-propanol ([Zn2+] = 0.03 mM), followed by dropwise introducing 
0.075 mL of NaOH solution ([NaOH] = 0.010 M) into above solution. Then the mixture was 
stirred in a water bath at 70 oC for 60 min. 
Figure 7-6d-f 
0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (10.0 g/L) was mixed with 10 
mL of Zn(Ac)2 solution in 2-propanol ([Zn2+] = 0.04 mM), followed by dropwise introducing 
0.04 mL of NaOH solution ([NaOH] = 0.025 M) into above solution. Then the mixture was 
treated in a ultrasonication water bath at 70 oC for 60 min. 
Figure 7-6g-i 
0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (10.0 g/L) was mixed with 10 
mL of Zn(Ac)2 solution in 2-propanol ([Zn2+] = 0.05 mM), followed by dropwise introducing 
0.05 mL of NaOH solution ([NaOH] = 0.025 M) into above solution. Then the mixture was 
treated in a ultrasonication water bath at 70 oC for 60 min. 
Figure 7-6j-l 
0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (10.0 g/L) was mixed with 10 
mL of Zn(Ac)2 solution in 2-propanol ([Zn2+] = 0.10 mM), followed by dropwise introducing 
0.10 mL of NaOH solution ([NaOH] = 0.025 M) into above solution. Then the mixture was 
treated in a ultrasonication water bath at 70 oC for 60 min. 
Figure 7-6m-o 
0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (10.0 g/L) was mixed with 10 
mL of Zn(Ac)2 solution in 2-propanol ([Zn2+] = 0.20 mM), followed by dropwise introducing 
0.10 mL of NaOH solution ([NaOH] = 0.050 M) into above solution. Then the mixture was 
treated in a ultrasonication water bath at 70 oC for 60 min. 
Figure 7-7a,b The same as Figure 6a-c 
Figure 7-7c 
0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (10.0 g/L) was mixed with 10 
mL of Zn(Ac)2 solution in 2-propanol. ([Zn2+] = 0.03 mM), followed by dropwise 
introducing 0.075 mL of NaOH solution ([NaOH] = 0.010 M) into above solution. Then the 
mixture was treated in a ultrasonication water bath at 70 oC for 60 min. 
Figure 7-8 
(a) 0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (1.0 g/L) was mixed with 10 
mL of Zn(Ac)2 solution in 2-propanol ([Zn2+] = 0.20 mM), followed by dropwise introducing 
0.10 mL of NaOH solution ([NaOH] = 0.050 M) into above solution. Then the mixture was 
treated in a water bath at 55 oC for 60 min. 
(b) 0.3 mL of ethanolic suspension of cobalt oxide nanoparticles (10.0 g/L) was mixed with 
10 mL of Zn(Ac)2 solution in 2-propanol ([Zn2+] = 0.20 mM), followed by dropwise 
introducing 0.10 mL of NaOH solution ([NaOH] = 0.050 M) into above solution. Then the 
mixture was treated in an ultrasonication water bath at 70 oC for 60 min. 
Figure 7-9a-c 
0.021 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of DI water), 
followed by stirring for 10 min.  Afterwards, 10 mL of Tween-85 was added dropwise to 
the above solution under magnetic stirring, followed by 5 min sonication in an ultrasonic 
water bath.  40 mL of the above solution was transferred into a Teflon-lined autoclave, and 
the hydrothermal synthesis was conducted at 80 oC for 2 h and 170oC for 1 h in an electric 
oven. 
Figure 7-9d-f 
0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of DI water), 
followed by stirring for 10 min.  Afterwards, 10 mL of Tween-85 was added dropwise to 
the above solution under magnetic stirring, followed by 5 min sonication in an ultrasonic 
water bath.  40 mL of the above solution was transferred into a Teflon-lined autoclave, and 
the hydrothermal synthesis was conducted at 160 oC for 4 h in an electric oven. 
Chapter 7 Synthetic Architectures of CoO/ZnO and Zn1-XCoXO/Co1-YZnYO Nanocomposites 
 128
Figure 7-9g-i 
0.2 g of cobalt acetylacetonate and 0.084 g of zinc acetylacetonate were added to 70 mL of 
2-propanol solution (which was made of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia 
aqueous solution, and 0.7 mL of DI water), followed by stirring for 10 min.  Afterwards, 10 
mL of Tween-85 was added dropwise to the above solution under magnetic stirring, followed 
by 5 min sonication in an ultrasonic water bath.  40 mL of the above solution was 
transferred into a Teflon-lined autoclave, and the hydrothermal synthesis was conducted at 
180 oC for 4 h in an electric oven. 
Figure 7-9j-l 
0.2 g of cobalt acetylacetonate and 0.125 g of zinc acetylacetonate were added to 70 mL of 
2-propanol solution (which was made of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia 
aqueous solution, and 0.7 mL of DI water), followed by stirring for 10 min.  Afterwards, 10 
mL of Tween-85 was added dropwise to the above solution under magnetic stirring, followed 
by 5 min sonication in an ultrasonic water bath.  40 mL of the above solution was 
transferred into a Teflon-lined autoclave, and the hydrothermal synthesis was conducted at 
180 oC for 2 h in an electric oven. 
Figure 7-10a-e 
0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of DI water), 
followed by stirring for 10 min.  Afterwards, 10 mL of Tween-85 was added dropwise to 
the above solution under magnetic stirring, followed by 5 min sonication in an ultrasonic 
water bath.  40 mL of the above solution was transferred into a Teflon-lined autoclave, and 
the hydrothermal synthesis was conducted at 80 oC for 2 h and 170oC for 2 h in an electric 
oven. 
Figure 7-11 
Zn1-xCoxO/Co1-yZnyO: 0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate 
solutions (0.02 g/mL in 2-propanol) were added to 60 mL of 2-propanol solution (which was 
made of 60 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.3 mL of 
DI water), followed by stirring for 10 min.  Afterwards, 5 mL of Tween-85 was added 
dropwise to the above solution under magnetic stirring, followed by 5 min sonication in an 
ultrasonic water bath. 40 mL of the above solution was transferred into a Teflon-lined 
autoclave, and the hydrothermal synthesis was conducted at 180 oC for 4 h in an electric 
oven. 
Zn1-xCoxO/Co1-yZny(OH)2: 0.084 g of zinc acetylacetonate and 10 mL of cobalt 
acetylacetonate solutions (0.02 g/mL in 2-propanol) were added to 60 mL of 2-propanol 
solution (which was made of 60 mL of 2-propanol, 0.7 mL of 32 wt% ammonia aqueous 
solution, and 0.7 mL of DI water), followed by stirring for 10 min.  Afterwards, 10 mL of 
Tween-85 was added dropwise to the above solution under magnetic stirring, followed by 5 
min sonication in an ultrasonic water bath. 40 mL of the above solution was transferred into 
a Teflon-lined autoclave, and the hydrothermal synthesis was conducted at 80 oC for 2 h and 
170 oC for 2 h in an electric oven. 
Figure 7-12 
0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.7 mL of DI water), 
followed by stirring for 10 min.  Afterwards, 0-10 mL of Tween-85 was added dropwise to 
the above solution under magnetic stirring, followed by 5 min sonication in an ultrasonic 
water bath. 40 mL of the above solution was transferred into a Teflon-lined autoclave, and 
the hydrothermal synthesis was conducted at 80 oC for 2 h and 170 oC for 2 h in an electric 
oven. 
Figure 7-13a-c 
0.16 g of cobalt acetylacetonate and 0.084 g of zinc acetylacetonate were added to 70 mL of 
2-propanol solution (which was made of 70 mL of 2-propanol, 0.7 mL of 32 wt% ammonia 
aqueous solution, and 0.7 mL of DI water), followed by stirring for 10 min.  Afterwards, 5 
mL of Tween-85 was added dropwise to the above solution under magnetic stirring, followed 
by 5 min sonication in an ultrasonic water bath. 40 mL of the above solution was transferred 
into a Teflon-lined autoclave, and the hydrothermal synthesis was conducted at 180 oC for 4 
h in an electric oven. 
Figure 7-13d-i 
0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.3 mL of DI water), 
followed by stirring for 10 min.  Afterwards, 5 mL of Tween-85 was added dropwise to the 
above solution under magnetic stirring, followed by 5 min sonication in an ultrasonic water 
bath. 40 mL of the above solution was transferred into a Teflon-lined autoclave, and the 
hydrothermal synthesis was conducted at 180 oC for 4 h in an electric oven. 
Figure 7-14 
0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 1.0 mL of 32 wt% ammonia aqueous solution, and 0 mL of DI water), followed 
by stirring for 10 min.  Afterwards, 5 mL of Tween-85 was added dropwise to the above 
solution under magnetic stirring, followed by 5 min sonication in an ultrasonic water bath. 
40 mL of the above solution was transferred into a Teflon-lined autoclave, and the 
hydrothermal synthesis was conducted at 170 oC for 2-4 h in an electric oven. 
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Figure 7-15 
0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.1-0.7 mL of DI water), 
followed by stirring for 10 min.  Afterwards, 5 mL of Tween-85 was added dropwise to the 
above solution under magnetic stirring, followed by 5 min sonication in an ultrasonic water 
bath.  40 mL of the above solution was transferred into a Teflon-lined autoclave, and the 
hydrothermal synthesis was conducted at 180 oC for 4 h in an electric oven. 
Figure 7-16a-d The same as Figure 7-13d-i 
Figure 7-17a-d The same as Figure 7-13d-i 
Figure 7-17e 
0.084 g of zinc acetylacetonate and 10 mL of cobalt acetylacetonate solutions (0.02 g/mL in 
2-propanol) were added to 60 mL of 2-propanol solution (which was made of 60 mL of 
2-propanol, 0.7 mL of 32 wt% ammonia aqueous solution, and 0.3 mL of DI water), 
followed by stirring for 10 min.  Afterwards, 5 mL of Tween-85 was added dropwise to the 
above solution under magnetic stirring, followed by 5 min sonication in an ultrasonic water 
bath.  40 mL of the above solution was transferred into a Teflon-lined autoclave, and the 
hydrothermal synthesis was conducted at 180 oC for 6 h in an electric oven. 
Figure 7-18a,b 
15 mg of catalysts was filled into glass tubing, which was clamped by glass fiber to prevent 
non-uniform distribution of catalyst along radial direction. Before CO oxidation reaction 
began, the catalysts need a heat-treatment at 500 oC for 5 min.  Afterwards, the reactant gas 
(1 vol% CO, 19 vol% air, and 80 vol% argon) was charged into reactor with the flow rate of 
100 ml/mina at various reaction temperatures between 60 and 350 oC. The effluent gas was 
analyzed by an online infrared (IR) gas detector. 
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7.3 Results and Discussion 
Figure 7-1 depicts some key synthetic steps for two different types of metal-oxide 
nanocomposites prepared in this work.  Firstly, in Figure 7-2, we examine the formation 
process of pure CoO nanoparticles according to route (a) of Figure 7-1 and Equations (1) to (2).  
At low reaction temperatures (e.g., 140 oC), flowerlike solid precursor can be arrested (Figure 
7-2a-c). These flowerlike spheres were formed from a self-assembly of ultra-thin sheets of 
β-Co(OH)2 (in brucite structure; Figure 7-2j).40 Concerning the reduction of Co3+ [of 
Co(C5H7O2)3] to Co2+ [of β-Co(OH)2], one should recognize certain reducing power of 
alcohols (e.g., 2-propanol, Equation (1)) under this reaction condition.41,42  At 180 oC, 
hydrothermal conversion of β-Co(OH)2 to CoO takes place (Equation (2)).   
Co(C5H7O2)3 + (CH3)2CHOH  →  Co2+         (1) 
Co2+ + 2 OH−  →  β-Co(OH)2  →  CoO + H2O         (2) 
Interestingly, initial nanocrystallites of CoO take a pseudo-cubic shape and arrange themselves 
into lines under our TEM measurement conditions (Figure 7-2d-f).43-46  The observed 
morphology may reflect intrinsic crystallographic symmetry of CoO that belongs to cubic 
crystal system (JCPDS card no. 71-1178).  With a longer reaction time, the CoO nanocubes 
are developed into larger spherical particles (Figure 7-2g-i).  The CoO spheres are quite 
uniform with an average diameter of about 100 nm (Figure 7-2i). Apart from the reaction 
temperature and time, other synthetic parameters can also affect the growth of CoO 
nanoparticles.  For instance, the size of nanoparticles depends on the concentration of cobalt 
acetylacetonate in the starting solution.  The average size of CoO nanoparticles synthesized 
with 3.75 g⋅L−1 of cobalt acetylacetonate in initial concentration was below 10 nm (Figure 
7-3a).  However, the size could be increased to around 100 nm when an initial concentration 
of 7.50 g⋅L−1 was used (Figure 7-3b-d).  This observation was expected, because the nutrient 
supply of cobalt to the growth had been doubled in the latter case.  
 
 












Figure 7-1  Schematic illustrations for formation processes of nanocomposites: (a) formation 
processes of CoO nanospheres and CoO/ZnO core/shell nanocomposites; and (b) formation 
processes of Zn1−xCoxO/Co1−yZny(OH)2 and Zn1−xCoxO/Co1−yZnyO nanocomposites.  Note 
that the sizes in the above drawings are not proportional to actual product dimensions.  For 
instance, actual sizes of CoO and Co1−yZnyO nanospheres are in the same dimensional order in 
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Figure 7-2  TEM images of reaction products at different process stages (also refer to route (a) 
of Figure 7-1): (a-c) flowerlike aggregates of β-Co(OH)2 solid precursor, (d-f) intermediate 
CoO nanoparticles in pseudo-cubic shape, and (g-i) nanospheres of CoO; (j) XRD pattern 



















Figure 7-3 TEM images of synthesized CoO particles under different synthetic conditions. 
 
The XRD pattern of as-obtained CoO nanospheres is shown in Figure 7-4a; all diffraction 
peaks can be well indexed as the cubic CoO phase (space group: Fm3m; a rock-salt structure 
with the lattice parameters ao = bo = co = 0.426 nm; JCPDS card no. 71-1178).  Furthermore, 
the TEM image displayed in Figure 7-4b reveals that these CoO spheres comprise numerous 
smaller crystallites, while our SAED result indicates that the spheres are single-crystalline in 
nature, since the electron diffraction pattern can be assigned thoroughly to the [−112] 
diffraction zone spots (Figure 7-4c).  This assignment for the reciprocal lattices is also 
confirmed with a diffraction pattern simulation with the software of Materials Studio.47 Our 
HRTEM data further reveal that the crystallites in the CoO spheres are about 3−4 nm (Figure 
7-4d), leaving some inter-crystallite spaces.  On the other hand, long range order of lattice 
fringes (e.g., d111 = 0.25 nm) of CoO has been demonstrated, although crystal defects are also 
observed around the crystallite boundaries (Figure 7-4e).  In this regard, therefore, the 
resultant CoO nanospheres can also be considered as mesocrystals.26 This type of crystallite 

























Figure 7-4  Materials characterization of CoO nanospheres: (a) XRD pattern, (b,c) an 
aggregative CoO nanosphere and its SAED pattern (i.e., [−112] zone diffraction spots), (d,e) 
HRTEM images of a CoO nanosphere (d111 = 0.25 nm).  Color inset illustrates the crystal 
structure of the (−112) plane (Co atoms are in blue and light-blue, and O atoms in red and 
pink), and (f) computer simulation of diffraction pattern (-112) zone spots. 
 
Surface sensitive technique XPS was also employed in this work to elucidate the formation of 
pure CoO nanospheres.  As shown in Figure 7-5a, the predominant C 1s peak at 284.6 eV 
belongs to surface-adsorbed hydrocarbons.48,51  The small peaks at 286.2 and 288.4 eV can be 
attributed to oxidative forms of the surface hydrocarbons (e.g., hydroxyl carbon C−OH and 
ether C−O−C) and carboxylate moiety on the final product.48,51 Furthermore, the components 
revealed in O 1s spectra also demonstrate the similar results (Figure 7-5b).  The peaks at 
529.8 and 530.2 eV can be assigned to lattice oxygen species in surface Co3O4 and CoO 
respectively; the spinel oxide of cobalt (Co3O4) is normally present on the surface of CoO for 
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those samples handled in laboratory atmosphere.48,52-54 The peaks at 531.4, 532.2, and 533.4 
eV can be ascribed to oxygen species in Co−OH, carboxylate ions, and H2O molecules, 
respectively.48,54 Accordingly, Co 2p3/2 spectrum displayed in Figure 7-5c show two major 
peaks at 779.8 and 780.0 eV, which can be assigned to Co3O4 and CoO, and their satellite 
shake-ups are located at 782.5 and 786.2 eV respectively.48,54  It should be mentioned that the 
peak at 786.2 eV is actually higher than that at 782.5 eV, because it has been well known that 
divalent cobalt (CoO) normally exhibits a stronger satellite shake-up structure.48,54 Similar 
assignments can also be performed for the corresponding peaks of the Co 2p1/2 branch located 









Figure 7-5  X-ray photoelectron spectra measured from the as-prepared CoO nanospheres: (a) 
O 1s, (b) O 1s, and (c) Co 2p. 
 
In addition to the synthesis of CoO phase, ZnO phase can also be introduced to the surface of 
CoO nanospheres, giving rise to a CoO/ZnO core/shell structure (i.e., route (a), Figure 7-1).  
In this work, we adopted an earlier solution approach that can produce ZnO nanoparticles 
using simple precursor chemicals of zinc acetate and sodium hydroxide in water−2-proponol 
reaction medium (see Experimental Section, and Equation (3)).34,35  
Zn(CH3COO)2 + 2 OH−  →  Zn(OH)2  →  ZnO + H2O    (3) 
(b)  O 1s (a)  C 1s 
290 288 286 284 282
288.4 286.2
284.6
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As reported in Figure 7-6a-c, the CoO nanospheres cores are covered with a thin layer of ZnO 
nanoparticles while their pristine shape is unaltered. It is further found that when the 
concentration of zinc precursor is increased and less sodium hydroxide is used in synthesis, 
ZnO nanoparticles may also form as a separate secondary phase in addition to the formation of 
binary CoO/ZnO core/shell structures.  Figure 7-6d-o shows this process as a function of zinc 
precursor concentration under identical reaction conditions. The resultant CoO/ZnO core/shell 
composites shown in Figure 7-6a-c have also been investigated with HRTEM and XRD 
methods, as reported in Figure 7-7. In particular, d0002 lattice fringes of ZnO can be easily 
observed in the shell structure of this composite, but not all 〈0002〉 directions are parallel, 
which indicates that, unlike its mesocrystalline CoO core, the ZnO shell is comprised of 
numerous randomly attached ZnO nanoparticles, as illustrated in Figure 7-7b.  Nevertheless, 
the lattices fringes of both CoO and ZnO match literature data perfectly, indicating successful 
formation of the core/shell structure.  Similar to the HRTEM result, furthermore, the XRD 
investigation of Figure 7-7c also confirms the co-presence of both CoO and ZnO phases in this 
composite sample. The lattice parameters determined for ZnO nanoparticles are ao = 0.325 nm 
and co = 0.521 nm respectively, which are identical to those of pure wurtzite phase zinc oxide 
(space group P63mc, ao = 0.325 nm, co = 0.521 nm, JCPDS card no. 89-0511).55-57 
Apart from the control of precursor contents, two important process parameters (temperature 
and sonication) were also identified.  It should be mentioned that the above ZnO 
nanoparticles are formed through hydrolysis/precipitation of zinc acetate and thermal 
decomposition of Zn(OH)2 at 70 oC. At lower process temperatures (e.g., 50 oC), thin flake-like 
Zn(OH)2 phase is still present, and nanocrystalline product ZnO cannot be formed (Figure 
7-8a).  Furthermore, it should also be pointed out that the above heating process conducted 
inside an ultrasonic water bath can give a fuller coating of ZnO nanocrystallites, because the 
CoO (core) nanospheres can be dispersed more homogeneously in the solution prior to the 
introduction of ZnO phase. 
 



















Figure 7-6  TEM images of CoO/ZnO nanocomposites: (a-c) CoO/ZnO core/shell structures, 
























Figure 7-7 Characterization of CoO/ZnO core/shell nanocomposites: (a) HRTEM image of 
interfacial region between core (CoO nanosphere) and shell (ZnO overlayer), (b) HRTEM 










Figure 7-8 TEM images of formation of nanocomposites under various reaction temperatures: 
(a) 55 oC (formation of CoO/Zn(OH)2), and (b) 70 oC (formation of CoO/ZnO).  
(a) 
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In the above preparation of CoO/ZnO nanocomposites, the ZnO shell was introduced onto the 
pre-made CoO core in a new reaction environment (i.e., under “two pots” conditions, route (a), 
Figure 7-1). In the present work, we also prepared Zn,Co-containing binary oxide/hydroxide 
nanocomposites under “one pot” conditions, that is, both zinc and cobalt precursors were 
charged into the same reactor prior to reactions took place. Understandably, due to different 
chemical natures of cations [Zn2+ and Co2+ (from Equation (1)] the reaction products may not 
form simultaneously.  Because zinc and cobalt are both divalent cations in this materials 
system, a certain degree of inter-doping is expected, as indicated in route (b) of Figure 7-1 and 
Equations (4) and (5).  
(1−x) Zn(C5H7O2)2 + x Co2+ + 2 OH− →  Zn1−xCox(OH)2  →  Zn1−xCoxO + H2O      (4) 
 
(1−y) Co2+ + y Zn(C5H7O2)2 + 2 OH− →  Co1−yZny(OH)2   →  Co1−yZnyO + H2O     (5) 
 
With the co-presence of both zinc and cobalt acetylacetonates, indeed, doped metal oxides and 
hydroxides can be prepared under hydrothermal conditions (see Experimental Section).  
Figure 7-9 displays some representative product crystal morphologies. When the concentration 
of zinc salt is low, small Zn1−xCoxO particles [dark spots; see Equation (4)] are formed and 
connected to particulate Co1−yZny(OH)2 aggregates (lighter image contrasts), as shown in 
Figure 7-9a-c.  When concentrations between zinc and cobalt become comparable, Zn1−xCoxO 
phase is made as cores while the Co1−yZny(OH)2 phase as shells (Figure 7-9-d-i) in the 
composite system. In good agreement with this general observation, furthermore, thin 
Co1−yZny(OH)2 shells or even bare Zn1−xCoxO cores have been found when the concentration 
of zinc salt becomes exceedingly higher.  In many of our samples, interestingly, multi-shelled 
Zn1−xCoxO cores with hollow interior spaces have been observed (Figure 7-9j-l; also see Figure 
7-13b later), suggesting that Ostwald ripening mechanism was an underlying process operative 
in these syntheses.58-60  
 
















Figure 7-9  TEM images of Zn1−xCoxO/Co1−yZny(OH)2 nanocomposites (also refer to route (b) 
of Figure 7-1): (a-c) formation of Zn1−xCoxO (indicated by white arrows) imbedded in 
Co1−yZny(OH)2 particles, (d-i) formation of solid and hollow Zn1−xCoxO/Co1−yZny(OH)2 
core/shell structures, and (j-l) formation of multi-shelled Zn1−xCoxO core in 
Zn1−xCoxO/Co1−yZny(OH)2 core/shell nanocomposites.   
 
Based on our XRD investigation reported in Figure 7-10, it is known that the Zn1−xCoxO cores 
are still in a wurtzite structure, and the lattice parameters for the wurtzite phase were measured 
at ao = 0.324 nm and co = 0.518 nm (versus literature data ao = 0.325 nm and co = 0.521 nm for 
pure ZnO; JCPDS card no. 89-0511), respectively, indicating some shrinkage of lattice 
structure due to zinc substitution with smaller cobalt ions [Zn1−xCoxO, where x = 0.20−0.27 
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Nevertheless, the shell phase Co1−yZny(OH)2 (y = 0.02−0.04 based on our EDX analysis, Table 
7-2) does not show any diffraction pattern, suggesting that it is in an amorphous state,40,48 
although two types of TEM image contrasts for the core/shell structures are clearly 
differentiable in Figure 7-9. This noncrystalline solid state may be attributed to a defective 
structure resulted from the co-precipitation of the bi-metal hydroxides, randomly mixed with 
the surfactant chemical Tween-85 and/or its derivatives produced in these syntheses (see our 



















Figure 7-10  XPS spectra (a-d) and XRD pattern (e) of Zn1−xCoxO/Co1−yZny(OH)2 
nanocomposites with a hollow Zn1−xCoxO core (illustrated in (f)); also refer to route (b) of 
Figure 7-1.   
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sample name core phase X shell phase y 
CoO/ZnO CoO (1.0) ZnO (1.0) 
Zn1−xCoxO/Co1−yZny(OH)2 Zn1−xCoxO 0.20−0.27 Co1−yZny(OH)2 0.02−0.04
Zn1−xCoxO/Co1−yZnyO Zn1−xCoxO 0.10−0.17 Co1−yZnyO 0.33−0.37














Figure 7-11 FTIR spectra of Zn1−xCoxO/Co1−yZny(OH)2 vs Zn1−xCoxO/Co1−yZnyO. The peaks at 
1560-1565 cm-1 and 1403-1405 cm-1 are assigned to stretching vibrations of carboxylate group, 
–COO− [νas(OCO) and νs(OCO)].  The peaks at 2926-2928 and 2852-2854 cm-1 are assigned 
to asymmetric and symmetric C–H stretching modes [νas(CH2) and νs(CH2)], respectively.  
All these observations collectively reveal that an organic species was generated from the 
hydrophobic head group of Tween-85, i.e., alkylated oleate group 
CH3(CH2)7CHCHCH2CR2(CH2)5COO−, where R = CH2CHCHCH2 (CH2)6CH3; the carboxylate 
anion binds randomly with metal cations in the mixed metal hydroxide Co1−yZny(OH)2 because 
of no XRD diffraction patterns.  The peaks at around 470 cm-1 are assigned to vibrational 





Chapter 7 Synthetic Architectures of CoO/ZnO and Zn1-XCoXO/Co1-YZnYO Nanocomposites 
 143
Without using Tween-85 in synthesis, however, crystalline Co1−yZny(OH)2 “petals” can be 
formed around the Zn1−xCoxO cores (Figure 7-12). It has been further evidenced that Tween-85 
is indispensible in order to create the Zn1−xCoxO/Co1−yZny(OH)2 core/shell structures in Figure 
7-9.  As indicated in Equations (1) and (5), the reduction of Co3+ [Co(C5H7O2)3] to Co2+ leads 
to formation of divalent Co1−yZny(OH)2 and thus to Co1−yZnyO.  On the basis of Figure 7-9, it 
is also found that this reduction likely causes a delay in formation of Co1−yZny(OH)2 (and thus 
the Co1−yZnyO), because this solid precursor is formed as a shell structure after the formation 










Figure 7-12 TEM images of Zn1−xCoxO/Co1−yZny(OH)2 nanocomposites with various 
surfactant (Tween-85) concentrations: (a) 0 mL, (b) 5 mL, and (c and d) 10 mL. 
 
Compared to those assigned in Figure 7-5, the C 1s and O 1s peaks in Figure 7-10a,b show 
significant changes due to formation of the mixed metal hydroxides in the shell structure.  In 
particular, the C 1s peak at 286.3 eV (e.g., hydroxyl carbon C−OH and ether C−O−C) becomes 
larger, indicating more oxidative species of Tween-85 and/or its derivatives adsorbed on this 
sample.48,51,57  On the other hand, the tiny component corresponding to carboxylate groups 
(a) (b
(c) (d
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(288.4 eV) still remains negligible,48 which rules out the possibility of intercalation of this 
anionic species in this binary hydroxide compound (also see FTIR result, Figure 7-11).43  In 
this agreement, a sharp increase in the O 1s peak at 531.1 eV (assigned to M−OH, where M = 
Co2+ and Zn2+) indicates the predominant presence of the surface hydroxide 
Co1−yZny(OH)2,48,51,61 and the O 1s peaks at 529.9, 530.1, 532.2, and 533.4 eV can be assigned 
similarly to those in Figure 7-5b.48,52-54  In accordance to the large M−OH peak detected in the 
O 1s spectrum, the large peak at 780.6 eV in the Co 2p3/2 spectrum of Figure 7-10c is ascribed 
to Co2+−OH,48,51,54,61 while the smaller peak at 780.2 eV to a Zn2+-doped CoO surface phases,61 
noting that the modification of zinc in the Co1−yZny(OH)2 shells is relatively small (y = 
0.02−0.04, Table 7-2).  Due to an abundant amount of divalent cobalt species (Co2+−OH and 
Zn2+-doped CoO) on the shell surface, the satellite shake-up peaks at 786.5 and 782.6 eV are 
rather strong.40,48,51,54,62-64  In a similar way, the Co 2p1/2 branch located at higher binding 
energies can also be assigned to the corresponding species in the Co 2p3/2 branch. As expected, 
the dopant element Zn is also detected (the doublet peaks of Zn 2p for divalent Zn2+,61 Figure 
7-10d) although its content is low in the mixed hydroxide shell structure [Co1−yZny(OH)2]. 
Apart from the above synthetic parameters, other control factors for the growth have also been 
examined in our work. For example, we found that the amounts of ammonia solution and 
deionized water used in synthesis are very important for the morphological control.  For 
example, more water content in synthesis will increase the size of Zn1−xCoxO cores (see the 
discussion for Figure 7-15 later).  On the other hand, a lower concentration of ammonia 
during the synthesis will give a poorer shell-morphology, because of insufficient alkaline 
content for the hydrolysis of Tween-85 and the formation of the mixed metal hydroxide.  As 
an important process parameter, the heating routine also shows great influence on composite 
products.  In order to obtain this type of metal oxide and metal hydroxide composites, a 
two-stage heating (80 oC for 2 h and 170 oC for 2 h, see Experimental Section) was developed.  
This step is necessary because it ensures a more even temperature distribution in autoclaves 
and thus a better control over the reaction products. 
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With higher reaction temperatures and longer reaction times, the Co1−yZny(OH)2 phase in the 
above Zn1−xCoxO/Co1−yZny(OH)2 core/shell structures can be gradually converted to Co1−yZnyO, 
resulting in a new type of binary metal oxide nanocomposites of Zn1−xCoxO/Co1−yZnyO 
[Equation (5)].  Similar to pure CoO oxide demonstrated in Figure 7-2, interestingly, the 
resultant Co1−yZnyO phase also adopts a spherical shape. Figure 7-13 shows crystal 
morphologies of Zn1−xCoxO/Co1−yZnyO synthesized with our “one-pot” approach, noting that 
the Zn1−xCoxO was turned exclusively to hollow cores. A time dependent evolution of oxide 
shell formation (i.e., Co1−yZnyO from Co1−yZny(OH)2) has also been demonstrated in Figure 
















Figure 7-13  TEM images of Zn1−xCoxO/Co1−yZnyO nanocomposites (also refer to route (b) of 
Figure 7-1): (a and b) panoramic views at different magnifications (i.e., Zn1−xCoxO/Co1−yZnyO 
core/shell structures, together with individual Co1−xZnxO nanospheres, and (c-i) detailed views 
















Figure 7-14 TEM images of different product morphologies after different reaction times: (a) 2 
h, (b) 3 h, and (c and d) 4 h. 
 
Consistent with the findings of their precursors Zn1−xCoxO/Co1−yZny(OH)2, the final complex 
nanocomposites of Zn1−xCoxO/Co1−yZnyO also depend on a balance between zinc and cobalt 
acetylacetonates set in the starting solutions.  Low concentration of cobalt salt could result in 
small Co1−yZnyO nanospheres adhering to their Zn1−xCoxO cores.  On the other hand, 
increasing cobalt concentration in synthesis would allow the Co1−yZnyO nanospheres to grow 
into larger ones as well as to be formed as a separate phase (Figure 7-13a,b).  As for zinc salt 
used in this work, the higher the initial concentration, the higher the metal oxide ratio of 
Zn1−xCoxO to Co1−yZnyO.  Furthermore, our experimental results reveal that the amount of 
water used in the synthesis plays an important role in the controlling the size of Co1−yZnyO 
nanospheres.  Keeping other synthetic parameters unchanged, a gradual variation of the 
diameter in the range from 50 to 200 nm can be achieved by adding more water into the 
syntheses (Figure 7-15).  It is believed that the content of water is essential for hydrolysis of 
both metal salts.  On the other hand, the water may also weaken the binding of alkylated oleic 
anionic surfactants attached to the nanocrystallites of oxides, resulting in an easy “oriented 
(c) (d
(a) (b
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Figure 7-15 TEM images of Zn1−xCoxO/Co1−yZnyO nanocomposite with various water volumes 
in the reactions: (a, b) 0.43 mL, (c, d) 0.53 mL, and (e, f) 0.75 mL.  Total solution volume 
was kept at 40 mL for all these syntheses.   
 
The interfacial structure between Zn1−xCoxO core and its surface Co1−yZnyO nanosphere is 
further examined in Figure 7-10a-b with HRTEM method.  Apparently, the core of this 
composite system is polycrystalline, because different 〈0001〉 orientations can be observed in 
the same core (Figure 7-16c).  However, the surface Co1−yZnyO seems to be single-crystalline, 
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Interestingly, the diameter of Co1−yZnyO nanospheres displayed in Figure 7-13 is in about the 
same order as that of CoO nanospheres in Figure 7-2g-i, and both CoO and Co1−yZnyO 
nanospheres are mesocrystalline.  As expected, both the cores and shells were determined to 
be solid solutions of mixed metal-oxides on the basis of our EDX analysis (Zn1−xCoxO, x = 
0.10−0.17; and Co1−yZnyO, y = 0.33−0.37; Table 7-2).  The zinc content (y value) in the 
Co1−yZnyO nanospheres is significantly increased, compared to that of their solid precursor 
Co1−yZny(OH)2.  This content change is accompanied with a hollowing process for the 













Figure 7-16  HRTEM images of Zn1−xCoxO/Co1−yZnyO nanocomposites (also refer to route (b) 
of Figure 7-1): (a) an overall view on interfacial region between Zn1−xCoxO core and its 
supported Co1−yZnyO nanospheres; (b) a detailed view on the framed area in (a); and (c and d) 
detailed views on two framed areas indicated in (b).  Zn1−xCoxO phase: d0002 = 0.26 nm and 
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In Figure 7-17a,b, the O 1s spectrum still shows a large hydroxyl peak at 531.3 eV while the 
peaks at 530.3, 530.0 and 529.8 eV can be assigned to the lattice oxygen in Co1−yZnyO, CoO 
and Co3O4 respectively,48,52-54 noting that the C 1s spectrum is essentially identical to that of 
pure CoO (Figure 7-5a).  Similar to those assigned in Figure 7-8c, in Figure 7-11c, the large 
peak of the Co 2p3/2 peak at 780.4 eV is attributable to the surface species of Co2+−OH, and the 
peaks at 780.3 and 779.9 eV are attributed to surface Zn2+-doped CoO (i.e., Co1−yZnyO) and 
Co3O4 phases, respectively.48,51,54,61  Also, the peaks at 786.3 and 782.5 eV are assigned 
largely to the satellite shake-up structures of divalent cobalt ions.62-64  Similarly, the 
assignment for Co 2p1/2 branch located at higher BEs can also be done in accordance to their 
Co 2p3/2 branch.48,51,54,61  The Zn 2p spectrum in Figure 7-17d shows a slight shift in BEs 
(+0.2 eV) compared to that in Figure 7-10d, which indicates that there is a good mixing 
between the Co2+ and Zn2+ in the Co1−yZnyO surface phase, resulted from formation of 
Co2+−O−Zn2+ through which electronic charge can be transferred from Zn to Co,64 noting that 
Co has a higher electronegativity compared to Zn (NB: Co = 1.88 versus Zn = 1.65).  The 
XRD patterns shown in Figure 7-17e can be assigned perfectly to a superimposition of 
wurtzite Zn1−xCoxO and rock-salt Co1−yZnyO.  The lattice constants for the former crystal 
system are ao = 0.324 nm and co = 0.518 nm, and that for the latter is ao = 0.425 nm, 
respectively.  Consistent with our EDX finding, the Co2+-doped ZnO core (i.e., Zn1−xCoxO) 
still maintains its wurtzite phase, noting that it has been reported that the wurtzite phase can be 
maintained if x < 20 atomic %.36,65  Since zinc and cobalt have similar ionic radii, the 
departures of lattice constants from those in the un-doped ZnO and CoO in both crystal phases 
are almost negligible, although we note that the lattice constants in both mixed oxide phases 
























Figure 7-17  XPS spectra (a-d) and XRD pattern (e) of Zn1−xCoxO/Co1−yZnyO core/shell 
structures, together with individual Co1−yZnyO nanospheres (illustrated in (f)); also refer to 
route (b) of Figure 7-1. 
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As a final note of this work, we have also carried out trial oxidation reactions of carbon 
monoxide using our nanocomposite samples. It has been known that cobalt oxides are able to 
catalyze oxidation reaction of carbon monoxide at low reaction temperature owing to their 
multiple oxidation states and surface Lewis and Brønsted sites etc.66-68 In Figure 7-18, under 
identical reaction conditions, the magnitude of vibrational IR absorptions of CO2 over 2300 to 
2400 cm−1 indicates the easiness of production of CO2 from CO oxidation reactions.  It can be 
seen that both catalytic materials start to show their catalytic activities at a temperature as low 
as 60oC, which increase significantly at 120−140oC.  Although the two tested materials give 
very similar catalytic performances, their metal constituents are vastly different.  Our EDX 
analysis shows that overall metal ion ratio in the Zn1−xCoxO/Co1−yZnyO composite system is 
Co2+/Zn2+ = 56.7/43.3.  Because the atomic weight of zinc is higher than that of cobalt, the 
total cobalt ions in the Zn1−xCoxO/ Co1−yZnyO nanocomposite are about half of those in the 
CoO nanospheres due to the same weight (15 mg) of catalysts was used in these two 
evaluation experiments.  Therefore, the cobalt ions in our complex Zn1−xCoxO/Co1−yZnyO 
nanocomposite are significantly more active, compared with their phase-pure counterpart, CoO 
nanospheres.  It has been known that the presence of hydroxyl groups on surface of metal 
oxides could be beneficial for CO adsorption and thus its oxidation to CO2.66  We note that 
the population of hydroxyl groups on the Zn1−xCoxO/Co1−yZnyO (Figure 7-10b) is indeed 
higher than that on pure CoO nanospheres (Figure 7-5b), which may explain the observation of 
its better catalytic activity, apart from other possible synergetic contributions from the zinc 















Figure 7-18  FTIR spectra of reaction products of CO oxidation using two different cobalt 
containing catalytic materials at various reaction temperatures: (a) heat-treated CoO 
nanospheres, and (b) heat-treated Zn1−xCoxO/Co1−yZnyO core/shell structures, together with 
individual Co1−yZnyO nanospheres.  
 
7.4 Conclusions 
In summary, we have investigated synthetic architectures of two inverse types of cobalt and 
zinc oxide nanocomposites, CoO/ZnO and Zn1−xCoxO/Co1−yZnyO, in this study.  Our findings 
show that the “multi-pot” approach is suitable for the synthesis of undoped oxide phases in the 
nano-composites of CoO/ZnO, although the process has to be divided into two steps in order to 
avoid inter-diffusion of metal ions, especially when the metal ions have similar sizes and carry 
the identical charges.  On the other hand, “one-pot” synthetic strategy can be employed for 
preparation of doped oxide phases for the final nanocomposites of Zn1−xCoxO/Co1−yZnyO, 
when a careful investigation on reaction intermediates and process parameters has been carried 
out.  In this “one-pot” synthetic investigation, we have found that Zn1−xCoxO cores in wurtzite 
phase can be first formed, followed by a wrapping of mixed metal hydroxides of 
Co1−yZny(OH)2 on the Zn1−xCoxO cores.  The mixed hydroxide intermediate can be 
transformed into Co1−yZnyO nanospheres at higher reaction temperatures, giving rise to the 
final composite products of Zn1−xCoxO/Co1−yZnyO.  More importantly, the Zn1−xCoxO phase 
further undergoes a solid evacuation process, leading to formation of single- or multi-shelled 
hollow cores, while rock-salt Co1−yZnyO nanospheres are pinned on the wurtzite core surfaces.  
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Similar to their phase-pure mesocrystalline CoO counterpart, the Co1−yZnyO nanospheres are 
comprised of smaller crystallites self-aggregated according to the “orientated attachment” 
mechanism.  Therefore, a “synthesis-cum-assembly” approach, which produces a hierarchical 
organization in the Zn1−xCoxO/Co1−yZnyO nanocomposites, has been developed in this work.  
On the basis of the above findings, we conclude that the “one-pot” synthesis can be a workable 
approach for fabrication of structurally and compositionally complex metal oxide 
nanocomposites.  Using our as-prepared Zn1−xCoxO/Co1−yZnyO samples, furthermore, we 
have demonstrated that these binary oxide composites can be used as effective catalysts for 
oxidation of carbon monoxide at relatively low reaction temperatures.  The enrichment of 
hydroxyl groups on the Zn1−xCoxO/Co1−yZnyO is thought to be responsible for a better 
adsorption of carbon monoxide molecules, apart from other possible synergetic contributions 
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Over the past decade, research on surface functionalization has attracted significant interest 
around the world, due to new requirements imposed in vastly different fields of technology 
such as in electronic, optical, magnetic, electrochemical, catalytic, biological, environmental, 
self-clearing, separation, solar cells, and other renewable energy applications.1-11 In particular, 
wettability is a fundamental surface property and it has many practical applications across 
different disciplines. According to Cassie’s law,12 wettability is determined by both the 
chemical composition and the geometrical structure of solid surfaces.8-39 For example, it has 
been reported that the trifluoromethyl group can convert solid surfaces into a super oil- and 
also water-repellent surface by immersing anodically oxidized aluminum plates in an ethanolic 
solution of fluorinated monoalkylphosphates.13 It has also been known that the −CF3 
terminated surfaces possess the lowest free energy and thus the highest hydrophobicity.14 In the 
latest years, furthermore, the research has been more focused on tunable wettability by 
controlling surface topographic structures, in order to enhance long-life functional durability 
and to achieve higher chemical, thermal and mechanical stabilities of surface working 
phases.15-39 In this regard, various responsive molecular, polymeric and DNA films,9,16,17 and 
novel inorganic and organic films comprised of nanostructured materials such as zinc oxide,18 
vanadium oxide,19 silica,20 titanium oxide,21,22 tungsten oxide,23,24 cobalt hydroxide,25 polymers 
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and polyelectrolytes,26-32 aligned carbon nanofibers and nanotubes,33-37 and polymer nanotubes 
arrays,38,39 have been successfully fabricated, and their wettability and workability have also 
been demonstrated. 
Among the above investigated materials, zinc oxide (ZnO) has received great attention in 
recent years owing to its distinguished properties.40-46 As a direct wide band gap semiconductor 
with a band gap energy of 3.37 eV and an exciton binding-energy of 60 meV, ZnO has shown 
promising applications in piezoelectricity, transparent conductivity, near-UV emission and 
short-wavelength light-emitting.40,41 Due to its importance, therefore, ZnO has been prepared 
into various crystal morphologies, which include nanoparticles,42 nanorods and their arrays,43-45 
nanotubes,46 nanocones,47 and nanospheres.48 Recently, it has been elegantly demonstrated that 
that the synthesis of ZnO nanorods on glass wafers can be obtained via a two-step solution 
approach, and the wettability of vertically aligned ZnO nanorods can be reversibly switched 
between superhydrophobicity and superhydrophilicity by UV-light irradiation.18 
Although great progress has been made in using nanomaterials for wettability applications, it is 
noted that the majority of work is based on single-component materials with surface 
modification and functionalization,49,50 and the development of multi-component composites is 
rather limited.22 For further control over the surface properties, multifunctional nanostructured 
composite films may open up a new avenue of this research, since complementary components 
within a designed composite can create synergetic effects in specific applications. For example, 
some components may serve a simple role of substrate, while others are providing desired 
geometric structures, component textures, roughness, porosity and other functionalities. Apart 
from the synergetic effects and the required properties for wettability applications, 
nano-composites that possess catalytic activities will also allow further surface engineering as 
well as self-cleaning regeneration. These additional properties will greatly enhance the process 
flexibility for the nanocomposite films. For instance, many metal and metal-oxide composites 
are themselves excellent catalysts for heterogeneous catalysis. The products (normally 
organics) arising from the catalytic reactions, in many cases, are chemically bound to the 
composite catalysts, through which therefore metal and metal-oxide composites can be 
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modified or functionalized. Well-known examples of this type are self-assembled monolayers 
(SAMs) formed on most noble and transition metal surfaces.51-55 By selecting different 
chemical properties of SAMs, therefore, additional surface functionalities can also be attained. 
Finally, since most metal and metal-oxide composites are thermally and chemically stable, it is 
believed that the composite films of this type will withstand relatively harsh working 
environments and hence they can also be regenerated and re-modified in different processing 
and use cycles. 
To address the above issues, we choose wurtzite ZnO herein as a basic framework material for 
nanocomposite films. More specifically, we demonstrate that nanostructured composite films 
of SAM/Pt/ZnO/SiO2 can be processed with synthetic architecture in the following steps: (i) 
formation of porous fractal nanostructures of Zn(OH)2 on SiO2 substrate, (ii) thermal 
conversion of the formed Zn(OH)2 to nanostructured ZnO on SiO2, (iii) addition of Pt 
nanoparticles to the ZnO/SiO2, and (iv) further modification of Pt/ZnO/SiO2 composite films 
with SAMs [i.e., hydrophobizing agent (1-dodecanethiol) and hydrophilizing agent 
(3-mercaptopropionic acid)], resulting in final composite films SAM/Pt/ZnO/SiO2. 
Wettabilities of the above films have also been investigated. In addition to switchable 
superhydrophilicity and superhydrophobicity, more importantly, the contact angle of water on 
the nanocomposite films can be finely tuned between 0o and 170o through structural design and 
compositional tailoring. The alternative functionalization with SAMs can be carried out on the 
Pt/ZnO/SiO2 films regenerated by heat-treatment or UV-irradiation, owing to the catalytic and 
photocatalytic activity of the Pt/ZnO (metal−semiconductor pair) in the composites. 
Recyclability and potential applications of the nanocomposite films of SAM/Pt/ZnO/SiO2 have 
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8.2 Experimental Section 
8.2.1 Synthesis of Zinc Carbonate Hydroxide  
In this work, zinc hydroxide [Zn(OH)2] was hydrothermally transformed from zinc carbonate 
hydroxide [Zn4CO3(OH)6⋅H2O]. In the preparation of this solid precursor, 200 mL of 1.0 M 
Na2CO3 (99.5%, Kanto) aqueous solution was dropwise added into 200 mL of 1.0 M Zn(NO3)2 
[Zn(NO3)2⋅6H2O, reagent grade 98%, Aldrich] aqueous solution under vigorous stirring to 
obtain a white precipitate [i.e., Zn4CO3(OH)6⋅H2O]. The precipitate was centrifuged and rinsed 
several times with deionized water in order to remove the residual reactants. Afterwards, the 
precipitate was dried in an electric oven at 60 oC for 12 h.  
 
8.2.2 Synthesis of Zinc Hydroxide Netlike Film on Glass Slides 
Microscope glass slides (from Sail) used as a film substrate were treated in a piranha solution 
(a mixture containing concentrated sulfuric acid and hydrogen peroxide in a H2SO4/H2O2 
volume ratio of 3; H2SO4, ACS grade, J. T. Baker; and H2O2, 30%, Merck) at 90°C for 4 h 
before use. A given amount (0.15−0.25 g) of Zn4CO3(OH)6⋅H2O powder prepared above was 
dispersed into 40 mL of deionized water to form a suspension by sonication treatment in an 
ultrasonic water bath. After placing 1 to 2 pieces of the microscope glass slides into the 
suspension, hydrothermal synthesis was conducted in a Teflon-lined stainless steel autoclave 
with a capacity of 50 mL at 180 °C for 2−24 h in an electric oven. The products from these 
experiments are denoted as Zn(OH)2/SiO2 composite films. 
 
8.2.3 Preparation of Nanostructured ZnO/SiO2 Films 
Nanostructured ZnO/SiO2 films was obtained by calcinating the above prepared Zn(OH)2/SiO2 
composite films in a muffle furnace at 400 °C for a period of one hour, during which Zn(OH)2 
was thermally converted into wurtzite ZnO phase, while the substrate SiO2 remained intact. 
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8.2.4 Coating of Pt Nanoparticles onto the ZnO/SiO2 Films 
Pt nanoparticles were deposited onto the above ZnO/SiO2 films using a JEOL JFC-1300 Auto 
Fine Coater operated with a coating current of 10−30 mA and a coating time of 60−180 s. 
 
8.2.5 Modification with DT and MPA 
To add self-assembled monolayers (SAMs) onto the surface of Pt/ZnO/SiO2 films, the above 
prepared glass slide samples (i.e., Pt/ZnO/SiO2) were immersed in 20 mL of ethanolic solution 
of 1-dodecanethiol [DT; CH3(CH2)11SH, 98+%, Aldrich], or 3-mercaptopropionic acid [MPA; 
HS(CH2)2COOH, 99%, Lancaster], or the mixture solutions of both DT and MPA (the molar 
concentration of thiols = 0.3−80 mM) for 10−30 min, followed by rinsing with ethanol (GR 
grade, Merck) for several times. The resultant thin films from the above preparations are 
denoted as DT/Pt/ZnO/SiO2, MPA/Pt/ZnO/SiO2, and MPA-DT/Pt/ZnO/SiO2, respectively, in 
our discussion. In the replacement experiment (by MPA), the as-prepared DT/Pt/ZnO/SiO2 
films were immersed in 20 mL of ethanolic solution of MPA (0.46 M) for 5 h.  
 
8.2.6 Removal of DT and MPA 
By calcinating the SAM/Pt/ZnO/SiO2 (where SAMs on Pt were derived from DT and/or MPA) 
films at 300 oC for 2 h in a muffle furnace, the thiol functional groups on the nanocomposite 
films can be removed, converting the surface from hydrophobicity to hydrophilicity. In 
UV-assisted removal processes, the SAM/Pt/ZnO/SiO2 nanocomposite films were irradiated by 
UV light (Philips HPR, 125 W UV mercury vapor high-pressure lamp, 360 nm) for 24 h with a 
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8.3 Results and Discussion 
Figure 8-1 shows a schematic drawing which summarizes some major process steps 
investigated in this work. To start with, the glass substrates were pretreated first by a piranha 
solution that removed surface grease and contaminants and allowed a uniform development of 
film deposits. As the first surface film, zinc hydroxide (Zn(OH)2)56 was introduced 
hydrothermally onto the glass substrate. The evolution process of the Zn(OH)2 film topography 
is shown in Figure 8-2. Within the first 4 h, a loose thin flake-like film of Zn(OH)2 has 
produced from zinc carbonate hydroxide Zn4CO3(OH)6⋅H2O (Figure 8-2a).56 As the reaction 
proceeds, the film becomes denser and the Zn(OH)2 flakes that form the film become thicker 
(Figure 8-2b). When reaction time reaches 8 to 10 h, fully developed Zn(OH)2 films can be 
obtained on the glass substrate (i.e., Zn(OH)2/SiO2; Figure 8-2c). Under a higher magnification, 
it is found that the Zn(OH)2 thin flakes form an interconnected fractal structure (or net-like 
structure), in which the majority of thin flakes are standing on the glass surface, with their 
edges pointing to, or at an small canted angle off, the surface normal direction (Figure 8-2d). 
These edge-standing Zn(OH)2 flakes provide necessary surface roughness as well as a highly 
porous two-dimensional structure to our later film functionalization and wettability 
engineering. The thickness of the Zn(OH)2 flakes, which ranges from 20 nm to 50 nm, can be 
controlled by both growth time and the amount of the starting precursor (Zn4CO3(OH)6⋅H2O).56 
Importantly, it should be mentioned that the nanostructure of Zn(OH)2 phase grown by this 
simple method is very uniform. Panoramic views (Figure 8-2e) on large film areas can be 
obtained. 
The above SiO2 supported Zn(OH)2 films can be thermally converted to ZnO/SiO2 without any 
obvious topographical transformation (see Figure 8-1),56 as this decomposition can be realized 
at a relatively low heat-treating temperature of 400 oC. As shown in Figure 8-3a, there was no 
noticeable alternation in this porous net-like structure after calcination in laboratory air. The 
thickness of thin flakes of ZnO is essentially in the same range of 20 to 50 nm as that of its 
hydroxide precursor (Zn(OH)2; Figure 8-2). Besides inducing thermal decomposition of 
Zn(OH)2 to ZnO, the applied calcination also strengthens the adhesion between the ZnO 
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Figure 8-1 A schematic illustration of preparation process of SAM/Pt/ZnO/SiO2 
nanocomposite films: MPA = HS(CH2)2COOH, and DT = CH3(CH2)11SH; light blue dots 
indicate the Pt nanoparticles coated on ZnO surface, light yellow dots represent for SAM 
(resulted from DT) decorated Pt nanoparticles, and light purple dots for SAM (derived from 
MPA) decorated Pt nanoparticles. (Note: thermally regenerated Pt/ZnO/SiO2 becomes 































Figure 8-2 Growth process of nanostructured Zn(OH)2 flakes on the surface of SiO2 substrate 
(i.e., formation of Zn(OH)2/SiO2; FESEM images): (a) 4 h, (b) 6 h, and (c, d and e) 10 h. 
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Figure 8-3 (a) Formation of ZnO/SiO2 films through thermal conversion of Zn(OH)2/SiO2, and 
(b to d) Pt nanoparticles deposited on ZnO/SiO2 films (i.e., formation of Pt/ZnO/SiO2 
composite films; the Pt nanoparticles in (b) and (c) were deposited with a coating current of 20 
mA while those in (d) with a coating current of 30 mA). 
 
Upon the above nanostructured ZnO/SiO2 films, nanoparticles of noble metals can be further 
introduced in the same layer-by-layer fashion. In this work, we used a simple sputtering 
method to deposit platinum (Pt), as also described in Figure 8-1. Our results show that all 
exposed surfaces could be facilely coated with Pt nanoparticles (PtNPs). By controlling 
coating parameters such as current and time, PtNPs can be grown on the ZnO surfaces with a 
controllable size. As shown in Figure 8-3, for example, PtNPs at sizes of 10±3 nm (Figure 8-3b, 
c) and 20±5 nm (Figure 8-3d) have been deposited on ZnO/SiO2 respectively under two 
different coating current settings, and even smaller ones have been obtained by lowering 
coating current (e.g., 10 mA). In addition to this, thickness of Pt layer can also be controlled by 
coating current and/or sputtering time. For example, a thicker stack of PtNPs had been 
prepared with a higher coating current of 30 mA (Figure 8-3d). Quite interestingly, there are 
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topography formed from ZnO/SiO2, and (ii) uneven texture resulted from the aggregates of 
PtNPs on the ZnO flakes. 
As a starting point, the wettability of the above different inorganic structures has been 
investigated in this work. Displayed in Figure 8-4 are some representative results of this 
investigation on the as-cleaned bare glass substrate (SiO2), the porous ZnO/SiO2, and the 
PtNPs deposited ZnO/SiO2 (i.e., Pt/ZnO/SiO2) films. As expected, the bare glass substrate is 
hydrophilic with a water contact angle measured at 16.2o. With the ZnO overlayer, the 
ZnO/SiO2 film surface exhibits excellent superhydrophilic properties, and the contact angle 
becomes as low as 0o (Figure 8-4b). The reason for this observation is attributable to that the 
ZnO surface phase converted in the laboratory air has some hydrophilic functional groups on 
its surface (such as hydroxyl groups and adsorbed carbonate ions); this postulation will be 
verified in our XPS study shortly (see Figures 8-7 and 8-8). While the ZnO/SiO2 film can be 
wetted by water droplets without any delay, a further modification with PtNPs on the 
ZnO/SiO2 films (i.e., Pt/ZnO/SiO2) does increase some hydrophobicity (CA = 45.9o, Figure 
8-4c); it takes several minutes for water droplets to wet the metal and metal-oxide substrates 










Figure 8-4 The contact angle measurements for (a) bare glass substrates after surface cleaning, 
(b) ZnO/SiO2 composite film, (c) Pt/ZnO/SiO2 composite film at 0 min, and (d) the same film 
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Because self-assembled monolayers (SAMs) can easily form on noble metal surfaces, we 
anticipate that the above prepared Pt/ZnO/SiO2 nanocomposite films can serve as an excellent 
candidate for further surface functionalization. Considering the tight affinity between platinum 
and alkanethiols and/or their catalytically converted derivatives, two types of monothiols have 
been investigated in the present work (Figure 8-1): (i) 1-dodecanethiol (DT; CH3(CH2)11SH), 
in which a hydrophobic headgroup (−R) is located on the opposite end of the thiol group; and 
(ii) 3-mercaptopropionic acid (MPA; HS(CH2)2COOH), in which a hydrophilic group 
(−COOH) is also on the other end. When the Pt/ZnO/SiO2 is modified with DT molecules, as 
expected, the resulted DT/Pt/ZnO/SiO2 films demonstrate strong superhydrophobicity, as 
reported in Figure 8-5. In particular, the contact angle depends quite linearly on the DT 
concentration of solution to which the Pt/ZnO/SiO2 film was immersed; the higher the DT 
concentration the larger the contact angle. The observation is in good agreement with our 
general expectation, because the degree of surface modification would be higher when the 
solution with a higher DT concentration was used (Figure 8-5d). As the DT concentration 
increases, surfaces of PtNPs can more effectively interact with DT molecules, and actual 
chemical species on the surface will be further addressed in our XPS study (Figures 8-7 and 
8-8).52,53 Therefore, a targeted hydrophobicity or superhydrophobicity is attainable through this 
surface modification. As an example, a maximum contact angle of 170.3o has been achieved 
for the DT/Pt/ZnO/SiO2 sample prepared at [DT] = 2.6 mM (Figure 8-5d), after which no 
further increase in CA can be made, that is, surfaces of PtNPs have been stabilized or fully 
decorated at this concentration. Although the SAMs of alkanethiols lead to the apparent 
superhydrophobic properties, contribution from the porous underneath structure of 
Pt/ZnO/SiO2 should not be ignored. According to the literature data, 1-dodecanethiol modified 
platinum surface gives a contact angle of 101.2o.52 Therefore, the high contact angles achieved 
in this work should also be attributed to the intricate open surface structure (Figure 8-3), which 
ensures a very small contact area between water droplets and the DT/Pt/ZnO/SiO2 substrate, 
and thus a small surface area fraction of the solid component in Cassie’s law.12 In contrast to 
the superhydrophobicity attained with DT molecules, MPA molecules anchored on the porous 
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net-like Pt/ZnO/SiO2 substrate can generate superhydrophilicity. While its thiol group is 
bonded to PtNPs, the carboxyl group of MPA is able to form strong hydrogen bonding with 
water molecules. Apart from the above superhydrophilicity and superhydrophobicity, more 
importantly, the wettability of the SAM/Pt/ZnO/SiO2 films can be further tuned by changing 
chemical composition of SAMs. As demonstrated in Figure 8-6a, keeping the total −SH 
concentration of DT and MPA at 1.3 mM unchanged, it is found that the contact angle 
gradually decreases as the MPA content increases in the solution, which clearly indicates that 
the increase in population of carboxyl groups in the SAMs is responsible for the decrease in 
contact angles (Figure 8-6a). In addition to this, the population of MPA in the SAMs can also 
be controlled through a substitution process; immersing the as-prepared DT/Pt/ZnO/SiO2 films 
in an MPA solution can also make the same kind of decreasing trend in contact angle as that 












Figure 8-5 The contact angle measurements for DT/Pt/ZnO/SiO2 composite films prepared 
with various DT concentrations: (a) 0.3 mM, 100.5o; (b) 0.6 mM, 136.7o; (c) 1.3 mM, 168.2o; 





















Figure 8-6 (a) Contact angles of water on different films of SAM/Pt/ZnO/SiO2 prepared with 
DT and MPA mixed solutions (total thiol concentration = 1.3 mM; see Experimental Section, 
also denoted as MPA-DT/ZnO/SiO2), and (b) contact angles of different water-ethanol mixed 
solutions on the film of DT/Pt/ZnO/SiO2.  
 
To obtain further insight into the film performances, surface sensitive analytical technique XPS 
has been employed in our film characterization and the analytical results are shown in Figures 
8-7 and 8. For the as prepared ZnO/SiO2 film, C 1s spectrum can be deconvoluted into three 
peaks at 284.6, 286.3 and 289.0 eV (Figure 7a).48,57-61 These three C 1s components are 
assigned respectively to adventitious hydrocarbon, oxidative forms of the hydrocarbon 
residues (e.g., hydroxyl carbon C−OH and ether C−O−C), and adsorbed carbonate anions 
(which were from the precursor compound zinc carbonate hydroxide (Zn4CO3(OH)6⋅H2O) 
and/or were formed from atmospheric adsorption of carbon dioxide).48,57-61 In O 1s spectrum, 
the three peaks at 530.7, 531.5 and 532.4 eV (Figure 8-7b) are ascribed to lattice oxygen in the 
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metal oxide (ZnO), surface carbonate anions and hydroxyl groups accordingly.48,57-61 
Furthermore, the BE peaks of Zn 2p for divalent cations (Zn2+) are found at 1021.2 and 1044.2 













Figure 8-7 XPS spectra of C 1s, O 1s, Zn 2p and Pt 4f measured from as-prepared composite 
films: (a, b, c) ZnO/SiO2; (d, e, f) Pt/ZnO/SiO2; and (g, h, i) DT/Pt/ZnO/SiO2.  
 
Compared with the ZnO/SiO2, XPS spectra of Pt/ZnO/SiO2 film show some variations due to 
addition of platinum as an overlayer. For example, in C 1s and O 1s spectra (Figure 8-7d, e), 
the peaks that correspond to carbonate ions have been reduced significantly.48,57-61 In Pt 4f 
spectrum, the intense main doublet at 71.3 and 74.6 eV is assigned to Pt0 4f7/2 and Pt0 4f5/2 
(Figure 8-7f),52 which affirms the presence of metallic platinum, and the smaller doublet at 
72.2 and 75.5 eV (at higher BE side) reveals the existence of a Ptδ+ state of this metal (e.g., 
formation of PtOx on Pt), similar to the Au 4f assignment for surface oxide.62 As suggested in 
a) C 1s   b) O 1s c) Zn 2p
d) C 1s   e) O 1s f) Pt 4f
g) C 1s   h) O 1s i) Pt 4f
Binding Energy (eV)
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the literature, the metal oxidation is expected to take place in the grain boundaries of PtNPs 
(refer to Figure 8-11 later).51 On the other hand, the Zn 2p doublet is hardly detectable now,48,57 
because the ZnO is an underlayer sandwiched in the Pt/ZnO/SiO2 composites. Our further XPS 
investigation indicates that the DT molecule is not in its pristine thiolate form in the 
DT/Pt/ZnO/SiO2 films. In S 2p spectrum, the 2p3/2 and 2p1/2 peaks are seemingly located at 
162.3 and 163.5 eV that belong to thiolate sulfur.52,62 Nevertheless, the intensities of these two 
S 2p peaks are too low to confirm the presence of thiolate ions. It has been reported that due to 
its catalytic effect, both monocrystalline and polycrystalline Pt can cause dehydrogenation of 
DT and other alkanethiols, leading to alkyl chain fragmentation and formation of dense SAMs 
of flat-lying alkane/alkene species chemisorbed on the surfaces of this metal.52,53 It has also 
been known that in the related surface reactions, hydrogen and sulfur atoms/radicals will 
produce H2 and H2S, which are then released from the surfaces.52,53 Because of extremely low 
intensities for S 2p, we could draw a conclusion that the direct attachment of S to the surface 
of PtNPs, i.e., formation of the thiolate species R–CH2–S–Pt in DT/Pt/ZnO/SiO2, is rather 
unlikely.51-53 Consistent with this, the BE doublet at 72.1 and 75.5 eV for Ptδ+ component (i.e., 
PtOx) remains unchanged (Figure 8-7i). Due to the coverage of SAM and PtNPs above the 
metal oxide substrate, the intensities of O 1s spectra of Pt/ZnO/SiO2 and DT/Pt/ZnO/SiO2 
films become much weaker compared to that of the ZnO/SiO2. On the other hand, although the 
overall film of DT/Pt/ZnO/SiO2 shows superhydrophobicity, a small O 1s component for 
molecular water can still be detected at 533.4 eV in the same film (Figure 8-7h). Clearly, there 
are some hydrophilic domains on the surfaces of DT/Pt/ZnO/SiO2, despite their general 
superhydrophobic features. On the basis of the above surface analysis, we believe that the 
small PtOx surface phase may be responsible for the observed hydrophilic property. Indeed, the 
Pt/ZnO/SiO2 film reported earlier, which also contains the same PtOx phase, does show 
reasonably high hydrophilicity (Figure 8-4c, d); we will address this point further in Figures 
8-10 and 8-11. 
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Figure 8-8 XPS spectra of C 1s, O 1s, S 2p, Zn 2p and Pt 4f measured from: (a, b, c, d) 
as-prepared MPA/Pt/ZnO/SiO2 film; and (e, f, g, h) as-regenerated Pt/ZnO/SiO2 film (from 
DT/Pt/ZnO/SiO2 film after thermal removal of SAM).  
 
Compared to the DT/Pt/ZnO/SiO2 films, the MPA/Pt/ZnO/SiO2 shows well defined peaks for 
its MPA carboxyl groups in both C 1s (288.6 eV, Figure 8-8a) and O 1s (531.6 eV, Figure 8-8b) 
spectra, confirming the presence of MPA molecules.48,57-61,63 Furthermore, the small C 1s peak 
at 286.1 eV can be assigned to the carbon of CH2–S while the main peak at 284.6 eV to the 
a) C 1s    e) C1s 
b) O 1s    f) O 1s 
c) Pt 4f    g) Pt 4f 
d) S 2p    h) Zn 2p 
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–CH2CH2 segment of the MPA molecules.63 As expected, the O 1s peak corresponding to 
molecular water adsorption at 533.2 eV becomes much larger in this sample (versus Figure 
8-7h).48,57-61,63 In contrast to very weak intensity of S 2p spectrum of DT/Pt/ZnO/SiO2, well 
resolved 2p3/2 and 2p1/2 peaks at 162.4 and 163.6 eV with a spin-orbit splitting of 1.2 eV 
(Figure 8-8d) can be attributed to the formation of HOOC–CH2CH2–S–Pt.51,52,62,63 In this 
agreement, formation of alkane and alkene species (from MPA) on PtNPs surfaces can be ruled 
out, because of the observed superhydrophilicity for MPA/Pt/ZnO/SiO2. Moreover, the XPS 
spectra of our SAM/Pt/ZnO/SiO2 samples prepared in a mixed solution of MPA and DT and by 
an exchange method are all very similar to those presented in Figure 8-8a-d, suggesting that 
MPA is thermodynamically more stable than DT on the Pt/ZnO/SiO2. Based on above analysis, 
therefore, it is concluded that the observed high surface wettability is dictated by the carboxyl 
groups of MPA molecules. 
In addition to direct control of surface wettability by selecting suitable SAMs, we have also 
developed another two methods to regenerate Pt/ZnO/SiO2 from the SAM/Pt/ZnO/SiO2 films 
and thus to allow a quick switch among different wettabilities (Figure 8-1). For instance, since 
the observed superhydrophobicity partially results from the SAMs with flat-lying alkanes and 
alkenes (derived from DT molecules 52,53) on the PtNPs, any methods that can remove this 
organic top layer would increase its wettability. In Figure 8-9, we report that the 
superhydrophobicity and superhydrophilicity can be facilely switched by alternatively adding a 
SAM to the Pt/ZnO/SiO2 films and depleting this SAM from the resultant films (denoted as 
DT/Pt/ZnO/SiO2) via calcination (also refer to Figure 8-1). Quite surprisingly, the regenerated 
Pt/ZnO/SiO2 seems to be sufficiently robust to withstand such harsh testing cycles (as many as 
8-8 had been tested) without showing any deterioration in its performance. With our XPS 
investigation (Figure 8-8e, f, g, h), we further verify that the SAMs indeed can be 
decomposed/desorbed with this simple thermal process. Briefly, S 2p photoelectrons 
corresponding to surface-adsorbed alkyl thiols become totally undetectable, indicating that the 
SAMs have been completely removed, leaving only a small amount of sulfate ions behind 
(BEs of S 2p3/2 and S 2p1/2 peaks at 168.6 eV and 169.7 eV; SI-4).51,52,62 On the other hand, the 
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Zn 2p doublet (Figure 8-8h) and the O 1s peak for metal oxides (ZnO and PtOx) both become 
more pronounced (Figure 8-8f and h),48,57 which suggests some exposure of ZnO phase on the 
surface probably due to agglomeration of PtNPs upon the thermal treatment. Therefore, it is 
not surprising to see the regenerated Pt/ZnO/SiO2 possesses superhydrophilicity while the 
superhydrophobicity (CA = 164.2±2.1o, Figure 8-9) of its remade DT/Pt/ZnO/SiO2 film is not 
as high as that of its pristine counterparts (e.g., CA = 170.3o, Figure 8-5d). It is noteworthy to 
mention that, in addition to thermal removal, thiol groups could also be depleted upon UV 
irradiation (e.g., 24 h under an UV lamp), because Pt/ZnO can also serve as an excellent 
catalyst pair for photocatalytic dissociation/desorption of the adsorbed thiols and their 
derivatives. In these processes, ZnO works as a good UV absorbing material (with an optical 
band gap of 3.37 eV) to generate electron−hole pairs, while the surface Pt serves as an electron 
reservoir to suppress electron−hole recombination, similar to that of Au/TiO2 catalyst.64 
Nevertheless, short heating has been proven to be a more efficient method to resume a desired 
surface functionality, compared to the UV-method for desorption or decomposition.64 
In the above CA measurements, the liquid droplets were all pure deionized water. In the 
following, we will evaluate the wettability performance of our SAM/Pt/ZnO/SiO2 samples in 
other solution systems. Along the way, we will also propose their potential applications, 
concerning a further development of these inorganic-organic hybrid nanocomposite films. 
Because of the presence of different SAMs, our SAM/Pt/ZnO/SiO2 films turn out to be 
sensitive to the chemical composition of a supported liquid. For example, our preliminary 
investigation in Figure 8-6b on water−ethanol binary liquid mixtures shows that CA decreases 
when the content of ethanol in the liquid droplet increases. This observation can be attributed 
to a more intimate van der Waals interaction between the SAM of alkanes and alkenes (which 
were formed from dissociative reactions of DT on Pt surfaces 52,53) and similar ethyl 
headgroups of ethanol molecules, although ethanol is also a polar molecule highly miscible 
with water. By changing either liquid composition or SAM chemical properties, variation in 
CA of liquid mixture can be further attained on the SAM/Pt/ZnO/SiO2 films. As exampled in 
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Figure 8-6b, with selection of surface functionality, these composite films can serve as a 














Figure 8-9 The surface wettability switching between superhydrophobicity and 
superhydrophilicity with addition of SAM (i.e., DT/Pt/ZnO/SiO2) and thermal removal of 




Apart from the above reported superhydrophobicity, our DT/Pt/ZnO/SiO2 also shows an 
extremely high tilted angle of 180o for water droplets. In Figure 8-10, a series of turnover 
events (180o×3 = 540o; images a−e) is illustrated. It is clear that water droplets can be pinned 
steadily on the surface of DT/Pt/ZnO/SiO2 films, indicating a strong adhesion between the 
liquid droplet and its solid support. It has been well known that in order to generate this type of 
pinning effect, simultaneous presences of alternative hydrophobic and hydrophilic domains on 
the surfaces are required.8,32  
 



















Figure 8-10 A water droplet on a DT/Pt/ZnO/SiO2 composite film with various sliding angles 






Figure 8-11 A proposed pinning mechanism, where superhydrophobic phase is depicted as 
flat-lying alkanes and alkenes which were formed from catalytic dissociation of DT on 
metallic Pt surface, and hydrophilic phase can be attributed to the pristine PtOx surface 
component in the as-prepared Pt/ZnO/SiO2 films. The oxidation (i.e., formation of PtOx) likely 
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It is apparent that our composite films must also fulfill this requirement. Figure 8-11 depicts a 
possible pinning mechanism, on the basis of our XPS results and contact angle measurement. 
The proposed model considers the working synergies between the hydrophobic surface 
domains of alkanes and alkenes and hydrophilic domains of the PtOx in the DT/Pt/ZnO/ SiO2 
films. In view of their large contact angle, small contact area, and non-sliding features, these 
DT/Pt/ZnO/SiO2 composite films should be considered as a good candidate in certain 
applications, such as small scale water transportation.32,38,39 In such a conveying process, for 
example, a water droplet can be firstly placed on the DT/Pt/ZnO/SiO2 substrate, followed by 
any desirable movements of the substrate. Afterwards, the pinned droplet can be removed by a 
syringe or transferred to a hydrophilic object. As illustrated in Figure 8-12, the 
DT/Pt/ZnO/SiO2 substrate is holding water droplets steadily, in which water transportation can 
be carried out at any angle and its loss is essentially zero (except for natural vaporization of 
water). In this sense, our superhydrophobic DT/Pt/ZnO/SiO2 substrate can be considered as a 
“flat container” to hold liquid fluids. Other aqueous solutions have also been tested, including 
strong acids (e.g., HNO3, at pH = 0) and strong bases (e.g., NaOH, at pH = 14), as well as 






Figure 8-12 Removal of a water droplet from the DT/Pt/ZnO/SiO2 film surface by a syringe 









In summary, using Zn4CO3(OH)6⋅H2O as a starting precursor, nanostructured Zn(OH)2 can be 
deposited on SiO2 substrates (i.e., Zn(OH)2/SiO2) under hydrothermal conditions, which can be 
later thermally converted to ZnO phase, producing metal oxide films of ZnO/SiO2. The surface 
topographies of the prepared Zn(OH)2/SiO2 and ZnO/SiO2 films are highly uniform and porous. 
Furthermore, Pt nanoparticles can be added onto the ZnO surfaces by sputtering, resulting in 
complex Pt/ZnO/SiO2 nanocomposite films in which the size of metal crystallites and the 
thickness of metal layer can be further manipulated. Our water contact angle measurements 
show that the as-prepared films of ZnO/SiO2 and Pt/ZnO/SiO2 are superhydrophilic and 
hydrophilic, respectively. To gain a better control over the wettability, self-assembled 
monolayers (SAMs), prepared with 1-dodecanethiol and 3-mercaptopropionic acid, have been 
introduced to the above metal−metal-oxide systems, producing organic-inorganic hybrid films 
of SAM/Pt/ZnO/SiO2. Depending on the chemical composition of SAMs, water contact angle 
on the above hybrid films can be finely tuned between 0o and 170o. In particular, the films of 
SAM/Pt/ZnO/SiO2 prepared with 1-dodecanethiol show strong superhydrophobicity, and they 
are rather sensitive to the molecular polarity of liquids that they support. On the basis of our 
X-ray photoelectron spectroscopic investigation, it has been found that the 1-dodecanethiol 
does not simply form one-dimensional thiolate ions, but exists in the forms of flat-lying 
alkanes and alkenes on the surfaces of Pt nanoparticles, because of the catalytic effect of the 
noble metal. On the contrary, 3-mercaptopropionic acid can bind to the Pt nanoparticles 
through its thiol end, giving superhydrophilicity via hydrogen bonding between its 
carboxyl-group and surrounding water molecules. Because both the superhydrophobicity and 
the pinning effect have been observed, the SAM/Pt/ZnO/SiO2 films prepared with 
1-dodecanethiol can be used for sensing chemical composition of liquids and small scale water 
transportation. If needed, the SAMs can be removed from the composite films by thermal 
treatment or UV-irradiation. On the other hand, they can also be readmitted to the Pt/ZnO/SiO2 
films in order to regenerate desired surface functionalities. Our nanocomposite films have been 
proved to be thermally stable and structurally robust to withstand all process/treatment cycles 
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without any deterioration in performance. 
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CHAPTER 9 
OVERALL CONCLUSIONS AND RECOMMENDATIONS 
FOR FUTURE WORK 
 
9.1 Overall Conclusions 
The above chapters (chapters 4-8) systemically describe synthesis of ZnO-related 
nanomaterials and nanocomposites, their self-assembly as well as their properties. By various 
characterization methods, different material formation mechanisms under hydrothermal 
conditions have been elucidated. And some physical and chemical properties have also been 
demonstrated in this thesis. According to these results and findings, several conclusions are 
drawn from this study as listed below: 
(i) With assistance of Tween-85 surfactant to regulate self-assembly of primary 
nanocrystallites and growth of two or more sets of crystal planes, ZnO asymmetric 
single-crystalline nanostructures with an interior space can be obtained. Interestingly, 
the created interior space is located in the upper part of the nanostructures contrast to 
normal central hollow interior, showing a new type of structural anisotropy. 
Accompanied by an asymmetry-to-symmetry transformation, the possibility of 
dimerization and higher ordered coupling/growth of the ZnO nanostructures has also 
been illustrated. On the basis of the present findings, in principle, the synthetic scheme 
should also be applicable to other II-VI compound semiconductors that possess similar 
asymmetry and polar surfaces. 
(ii) Organic species can regulate crystal growth and self-assembly of ZnO. With the help 
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of Tween-85, the ZnO nanostructure is well faceted and is composed of two identical 
ZnO subunits; each subunit uses its (0001) crystal plane as a common joining face. 
Further treatment can hollow ZnO interiors to form an hour-glass structure. As a 
subunit, importantly, the hour-glass structure can be assembled to each other into 
robust one-dimensional arrays through van der Waals interaction of their 
surface-anchored alkylated oleate groups. Due to a high structural symmetry achieved 
within each hourglass-like building block, the inherent crystal asymmetry of ZnO can 
be removed or modulated in overall nanostructure assemblies regardless of actual 
number of the participating units. And the synthetic approach demonstrates a good 
control on morphological products of ZnO, including size and interior space 
manipulations. 
(iii) ZnO/PVP nanocomposite can be synthesized in the form of spheres by coupling two 
mesocrystalline hemispheres, in which PVP fills up vacancy between ZnO crystalline 
as a secondary phase. Theoretically, this approach might be suitable for synthesis of 
other materials without cubic crystal system. Moreover, the synthetic method 
demonstrates a potential control on morphologies, composition, optical properties and 
structural organization. 
(iv) The architectures of two inverse types of cobalt and zinc oxide nanocomposites, 
CoO/ZnO and Zn1−xCoxO/Co1−yZnyO, can be fabricated with multi-pot and one-pot 
approaches. The results show that the multi-pot approach can prepare a CoO/ZnO 
nanocomposite with individual pure phases and avoid inter-diffusion of metal ions. 
However, one-pot approach gives a way to obtain doped Zn1−xCoxO/Co1−yZnyO 
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nanocomposites. With one-pot approach, the product consists of Zn1−xCoxO cores in 
wurtzite phase and the shells of Co1−yZny(OH)2 or Co1−yZnyO. Furthermore, part of the 
Zn1−xCoxO solid cores can be depleted to form single- or multi-shelled cores via 
Ostwald ripening process. In addition to nanocomposite synthesis, catalytic properties 
of the composites have been characterized by CO oxidation at various reaction 
temperatures. The enrichment of hydroxyl groups on the Zn1−xCoxO/Co1−yZnyO is 
thought to be responsible for a better adsorption of carbon monoxide molecules, apart 
from other possible synergetic contributions from the nanocomposites. 
(v) Hydrothemal treatment of Zn4CO3(OH)6⋅H2O can grow netlike Zn(OH)2 on SiO2 
substrates, after which further thermal treatment can covert Zn(OH)2 to ZnO films 
without morphological change. Furthermore, Pt nanoparticles can be added onto the 
ZnO surfaces by sputtering, resulting in complex Pt/ZnO/SiO2 nanocomposite films in 
which the size of metal crystallites and the thickness of metal layer can be further 
manipulated. The wettability of these nanocomposite films is characterized by contact 
angles, demonstrating that ZnO/SiO2 and Pt/ZnO/SiO2 films are superhydrophilic and 
hydrophilic, respectively. For a better control on the wettability, self-assembled 
monolayers (SAMs), prepared with 1-dodecanethiol and 3-mercaptopropionic acid, 
have been introduced to the above metal−metal-oxide systems, producing 
organic-inorganic hybrid films of SAM/Pt/ZnO/SiO2. The results show that contact 
angle on the above hybrid films can be finely tuned between 0o and 170o by changing 
SAMs composition. 1-dodecanethiol SAMs Pt/ZnO/SiO2 composite films show strong 
superhydrophobicity and are sensitive to the molecular polarity of liquids that they 
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support. According to the XPS investigations, 1-dodecanethiol exists in the forms of 
flat-lying alkanes and alkenes on the surfaces of Pt nanoparticles. On the contrary, 
3-mercaptopropionic acid can bind to the Pt nanoparticles through its thiol end, giving 
superhydrophilicity via hydrogen bonding between its carboxyl-group and surrounding 
water molecules. Additionally, SAMs can be removed by thermal treatment or UV 
irradiation to recover hydrophilic surfaces. Finally, the nanocomposite films show 
potential applications in chemical sensors and small scale water transportation. 
 
9.2 Recommendations for Future Work 
According to the results and findings in this thesis, ZnO-related nanomaterials and 
nanocomposites have been synthesized and characterized by certain methods and proved to 
good candidates in many areas of applications. Meanwhile, it has been seen that the 
nanomaterials and nanocomposites need further investigation in some fields as below. 
(i) The hydrothermal approach has been proved to be a versatile way to synthesize and 
fabricate nanomaterials and nanostructures in this thesis. From chapter 4 to chapter 8, 
the hydrothermal method shows a good ability to control morphologies, assembly, 
compositions and properties. In principle, the synthetic scheme should also be 
applicable to other II-VI compound semiconductors that possess similar asymmetry 
and polar surfaces. Especially, II-VI semiconductors, like ZnS, CdS and ZnSe, are also 
a hot topic in the fields of nanomaterials and nanoscience.  
(ii) The hydrothermal process itself is inherently complex, and a systematic study of the 
growth mechanism is largely hindered by the use of autoclaves. Under real synthetic 
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conditions, formation mechanisms of nanomaterials are waiting for further elucidation. 
It is generally accepted that the shape of a crystal is determined by the relative specific 
surface energies associated with the facets of this crystal. At equilibrium, a crystal 
has to be bounded by facets giving a minimum total surface energy. The shape of a 
crystal can also be considered in terms of growth kinetics, by which the fastest 
growing planes should disappear to leave behind the slowest growing planes as the 
facets of the product. So the manipulation of nanomaterial growth heavily depends 
on our understanding on intrinsic crystal properties and the ability to control 
thermodynamic or kinetic equilibrium of crystal growth via various approaches. A 
better understanding of chemical activity of crystal planes and the role of all synthetic 
parameters in system is very helpful to synthesize and design nanomaterials. 
(iii) ZnO nanocrystals have been one of the most intensively studied owing to their 
versatile application. It is a direct-band gap semiconductor with a large bandgap of 
3.37 eV and a large exciton binding energy of 60 meV. Such strong exciton binding 
energy, which is much larger than the thermal energy at room temperature (26 meV), 
can ensure an efficient UV-blue emission at room temperature. Consequently, ZnO has 
great potential in applications such room-temperature UV laser, light-emitting diodes, 
solar cell and sensor. In this thesis, we have demonstrated that some physical 
properties of ZnO nanomaterials can be manipulated by controlling their morphologies, 
compositions and so on. Moreover, ZnO nanomaterials show good potential 
applications on optics and interfacial science. Therefore, incorporation of our ZnO 
nanomaterials and nanocomposites into nanodevice design and applications is very 
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promising direction. 
(iv) In this work, ZnO nanocomposites show its catalytic properties on CO oxidation at 
various reaction temperatures. According to special properties resulting from small 
scale dimension, it is obvious that nanocatalysts have a good future in industrial 
production. Clear size effects, related to the interaction of the catalytically active 
copper clusters with the ZnO support, have recently been observed during the 
production of hydrogen from methanol on Cu/ZnO-based catalysts. This process, often 
referred to as methanol reforming, is the key step for the use of methanol as the 
primary fuel in fuel-cell-powered vehicles. On-board generation of hydrogen by 
methanol reforming on Cu/ZnO/Al2O3 catalyst is being used in the development of 
fuel-cell engines for various transportation applications. However, there has been 
disagreement concerning the reactions that must be included in the kinetic model of 
the process. Previous studies have proposed that the process can be modelled as either 
the decomposition of methanol followed by the water-gas shift reaction or the reaction 
of methanol and steam, to form CO2 and hydrogen, perhaps followed by the reverse 
water-gas shift reaction. So the further investigation in this field and new catalyst 
synthesis will advance the development of methanol reforming and fuel-cell science, 
which can offer us more clean energy and decrease the production of greenhouse gas. 
 
